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(U.K. ) Conference on "River  P o l l u t i o n  Con t ro l " ,  Oxford, 
9 - 1 1  A s r i l ,  1979. 
P r e f a c e  
T h i s  paper  i s  t h e  f i r s t  i n  a  series e n t i t l e d  'Reg iona l  
Development and Land-Use Models ' .  
The p r e s e n t  paper  i s  i n t e n d e d  t o  draw a  c o h e r e n t  p i c t u r e  
of  t h e  major  i s s u e s  i n  land-use  mode l l ing  r e s e a r c h .  I t  r e p r e -  
s e n t s  an  e f f o r t  w i t h i n  t h e  Human S e t t l e m e n t s  and S e r v i c e s  
Research  a r e a  t o  come t o  g r i p s  w i t h  some major  i s s u e s  i n  i n -  
t e g r a t e d  r e g i o n a l  development .  T h i s  series w i l l  b e  devoted  
t o  t h e  i n v e s t i g a t i o n  o f  r e g i o n a l  l and-use  models a s  t o o l s  f o r  
u n d e r s t a n d i n g  and p l a n n i n g  development .  The p a p e r  is concerned 
o n l y  w i t h  o p t i m i z a t i o n  models b u t  l a te r  p a p e r s  w i l l  c o v e r  b o t h  
o p t i m i z a t i o n  and b e h a v i o u r a l  models.  F u r t h e r ,  t h e r e  w i l l  be  
a n  emphasis  b o t h  on t h e o r e t i c a l  and a p p l i e d  p l a n n i n g  models.  
I n  a l l  cases, t h e  emphasis  w i l l  b e  on t h e  s p a t i a l  i m p l i c a t i o n s  
of r e g i o n a l  development  and economic growth.  
A b s t r a c t  
P r o g r e s s  i n  t h e  development  of  o p t i m i z i n g  l and-use  
d e s i g n  models i s  e v a l u a t e d  i n  t h i s  p a p e r .  E i g h t  metho- 
d o l o g i c a l  i s s u e s  are r a i s e d  concern ing  t h e  t h e o r e t i c a l  
f o u n d a t i o n s  of  such  models and t h e  t r a n s i t i o n  from a  
t h e o r e t i c a l  t o  a n  a p p l i e d  p l a n n i n g  t o o l .  F i v e  s p e c i f i c  
land-use  models are e v a l u a t e d  i n  r e l a t i o n  t o  t h e s e  
i s s u e s .  A series of e x t e n s i o n s  t o  t h e s e  models  a r e  
proposed t o  h e l p  m e e t  t h e  methodo log ica l  i s s u e s  r a i s e d .  
The main c o n c l u s i o n  reached i s  t h a t  t h e  s h o r t - t e m , p r o -  
p e c t s  f o r  a n  improved d e s i g n  model,  s u i t a b l e  f o r  a p p l i e d  
p l a n n i n g ,  are n o t  good w i t h o u t  more r e s e a r c h  i n t o  t h e  
a r e a s  no ted .  

Regional  Development and Land-Use Models: 
An Overview of  Opt imiza t ion  Methodology* 
John R.  Miron 
1. INTRODUCTION 
One g e n e r a l  q u e s t i o n  u n d e r l i e s  t h i s  paper .  I f  such a t h i n g  
can  be d e f i n e d ,  what i s  t h e  ' o p t i m a l '  s p a t i a l  arrangement of 
land-use  a c t i v i t i e s  w i t h i n  a r eg ion?  The answer t o  t h i s  ques-  
t i o n  i s  of  s u b s t a n t i a l  i n t e r e s t  t o  governments invo lved  i n  
r e g i o n a l  development. I t  i s  a l s o  a m a t t e r  of  c o n s i d e r a b l e  
i n t e r e s t  t o  r e g i o n a l  economists  who see i m p l i c a t i o n s  h e r e  f o r  
economic t h e o r y  i n  g e n e r a l  and f o r  t h e  deba t e  o v e r  t h e  r e l a t i v e  
e f f i c i e n c y  of  a l t e r n a t i v e  i n s t i t u t i o n a l  ar rangements  f o r  re- 
sou rce  a l l o c a t i o n .  Th i s  q u e s t i o n  i s  approached h e r e  mainly  
from t h e  viewpoint  o f  t h e  r e g i o n a l  economic t h e o r i s t .  Th i s  
i nvo lves  a commitment t o  a c e r t a i n  degree  of a b s t r a c t i o n .  
Some a p p l i c a t i o n - o r i e n t e d  r e a d e r s  may be i n i t i a l l y  d i scouraged  
by t h e  approach chosen.  They should  n o t  be .  The approach 
t aken  l e a d s  immediately t o  a d i s c u s s i o n  o f  methodolog ica l  
i s s u e s  which w i l l  a l s o  n e c e s s a r i l y  unde r ly  any more-applied 
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e f f o r t s  t o  answer t h i s  q u e s t i o n  . The methodological  i s s u e s  
r a i s e d  a r e  o f  g r e a t  importance.  I t  i s  f e l t  t h a t  s e v e r a l  a r e a s  
of  r e s e a r c h  must b e  exp lored  b e f o r e  r e a l i s t i c  a p p l i c a t i o n s  of  
o p t i m i z a t i o n  p rocedures  a r e  f e a s i b l e .  
The approach of  t h i s  paper  i s  t o  review some s imple  math- 
e m a t i c a l  models which have been developed t o  f i n d  optimum 
s o l u t i o n s  t o  c e r t a i n  k i n d s  o f  land-use  arrangement problems. 
Some of t h e s e  models have even been used e m p i r i c a l l y  i n  con- 
temporary p lann ing  s i t u a t i o n s .  However, t h e y  a r e  
 h his paper  has  b e n e f i t t e d  from t h e  c r i t i c a l  comments of 
N .  Hansen and P .  K o r c e l l i  on an  e a r l i e r  d r a f t .  
'TO avoid  l a t e r  confus ion ,  it i s  h e r e  noted t h a t  'metho- 
do logy '  i s  used i n  t h e  s e n s e  of  a l o g i c  o r  r a t i o n a l e  f o r  a 
p a r t i c u l a r  method. 
r e l a t i v e l y  na ive  and t h e i r  main va lue  i s  s t i l l  a s  a  t h e o r e t i c a l ,  
r a t h e r  than  an a p p l i e d ,  t o o l .  
1.1 A Mathematical Amroach 
Le t  us  begin by d e f i n i n g  a  t y p i c a l  mathematical  land-use 
des ign  model. Such a  model u s u a l l y  has o u t p u t s  of a  form useab le  
by r e g i o n a l  p l anne r s  i n  t h e i r  Land-Use P lan .  A t y p i c a l  P lan  
c o n s i s t s  p a r t l y  of a  map on which is  o u t l i n e d  zones w i th in  t h e  
t h e  reg ion .  To c l a r i f y  m a t t e r s ,  l e t  u s  assume, t h a t  t h i s  reg ion  
i s  approximately 500,000 h e c t a r e s  i n  s i z e .  The P lan  i n d i c a t e s  
t h e  amount of  l and  w i t h i n  each zone which any p a r t i c u l a r  land-  
use  can occupy. Note t h a t  t h e  P lan  is  a  s t a t i c  p i c t u r e .  It  
r e p r e s e n t s  what p l anne r s  b e l i e v e  t o  be an op t imal  'mature s t a t e '  
arrangement of land uses  i n  t h e  r eg ion  a t  some p o i n t  i n  t h e  
f u t u r e  when development has  ' f i l l e d  i n '  t h e  reg ion  according t o  
t h e  Plan.  
A normative mathematical  des ign  model u s u a l l y  c o n s i s t s  of  
two p a r t s .  The f i r s t  i s  a  we l f a re  f u n c t i o n  which t r a n s l a t e s  
t h e  des ign  cho ice  i n t o  a  unique measure o r  ranking of t h e  de- 
s i g n ' s  va lue .  Typ ica l ly ,  t h e  welfare func t ion  i s  c a s t  i n  terms 
of ins t rument  v a r i a b l e s  r ep re sen t ing  a s p e c t s  of t h e  des ign  choice .  
These might we l l  i nc lude  t h e  s i z e  and l o c a t i o n  of e i t h e r  p u b l i c  
f a c i l i t i e s  o r  o t h e r  l and  uses .  The second p a r t  of  t h i s  model 
c o n s i s t s  of a  s e t  of c o n s t r a i n t s  which r e s t r i c t s  t h e  ranges  of 
t h e  ins t rument  v a r i a b l e s .  There may be r e s t r i c t i o n s  on t h e  
t o t a l  supply of l and  a v a i l a b l e  f o r ,  o r  on t h e  amount of land 
demanded by, any land-use.  A l t e r n a t i v e l y ,  t h e r e  may be des ign  
r e s t r i c t i o n s  on land u s e s  which, f o r  i n s t a n c e ,  p r o h i b i t  t h e  
cont iguous l o c a t i o n  of incompat ible  l and  uses  o r  r e q u i r e  t h e  
proximity  of complementary ones. 
A gene ra l i zed  programming model might be cons t ruc t ed .  Sup- 
pose t h a t  t h e  development r eg ion  i s  sub-divided i n t o  Z zones and 
t h a t  t h e r e  a r e  A land use  a c t i v i t i e s  t o  be  l oca t ed  i n  t h e  r eg ion .  
Le t  xaZ, t h e  ins t rument  v a r i a b l e s ,  be t h e  amounts of land a l l o -  
c a t e d  t o  each land use  ' a '  i n  each zone ' z ' .  F u r t h e r ,  suppose 
t h a t  t h e r e  a r e  ' q '  c o n s t r a i n t s  i n  t o t a l  on t h e  l i n d  use  a s s ign -  
ment. A gene ra l i zed  model i s  t h e  fo l lowing .  Here T i s  t h e  
v a l u e  o f  t h e  w e l f a r e  f u n c t i o n  and t h e  i n e q u a l i t i e s  gi 5 ci each  
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r e p r e s e n t  c o n s t r a i n t s  . 
Maximize 
S u b j e c t  t o  
For  a  g e n e r a l  c l a s s  of mathemat ica l  programming problems,  
t h e r e  e x i s t s  a  complementary d u a l  problem t o  each  o r i g i n a l  o r  
3  p r i m a l  problem . T h i s  d u a l ,  which can  be so lved  t o  f i n d  t h e  
shadow p r i c e  on each  c o n s t r a i n t ,  p r o v i d e s  v a l u a b l e  i n fo rma t ion  
t o  t h e  c e n t r a l  p l a n n e r .  I n  a d d i t i o n ,  it p r o v i d e s  t h e o r e t i c a l  
i n s i g h t s  i n t o  t h e  n a t u r e  of t h e  d e s i g n  problem. 
A problem a r i s e s  when one a t t e m p t s  t o  i n t e r p r e t  t h e  t e r m  
' zone '  i n  a  model such  a s  ( 1 ) .  Some r e s e a r c h e r s  have d e f i n e d  
a  zone a s  a n  a r e a  of  homogeneous s o i l  t y p e  of  from 100 t o  abou t  
400 h e c t a r e s  i n  s i z e .  Such a  zone would a lmos t  i n v a r i a b l y  i n -  
c l u d e  m u l t i p l e  l and-us ing  a c t i v i t i e s .  O the r s  d e f i n e  a  zone a s  
a  v e r y  s m a l l  a r e a l  u n i t  o f  from 0.1 t o  abou t  10 h e c t a r e s  which 
would u s u a l l y  i n c l u d e  o n l y  one land-use .  
D i f f e r e n t  s c a l e s  can be  used t o  answer d i f f e r e n t  k inds  o f  
q u e s t i o n s .  A t  t h e  100 h e c t a r e  ( g r o s s )  s c a l e ,  a  d e s i g n  model 
can a l l o c a t e  l an d  u s e s  i n  a  'broad b ru sh  s t r o k e '  manner a s  a  
d i r e c t  i n p u t  f o r  a  r e g i o n a l  Master  P l an .  A t  t h e  0.1 h e c t a r e  
'Note t h a t  n need n o t  be a n  o r d i n a l  measurement h e r e .  I t  
may s imply  be  a  r an k i n g  o r  index  number. I t  i s  no t ed ,  o f  c o u r s e ,  
t h a t  ( 1 )  i s  a  g e n e r a l  form which can  a l s o  r e p r e s e n t  min imiza t ion  
problems o r  t h o s e  w i t h  > c o n s t r a i n t s .  
- 
3 ~ t  i s  n e c e s s a r y  t h a t  f  be convex and t h a t  gi = c be  each a  
concave f u n c t i o n .  Refe r  t o  B a l i n s k i  and Baumol (1968 ) .  
( f i n e )  s c a l e ,  a  d e s i g n  model c a n  b e  used f o r  d e t a i l e d  p l a n n i n g  
a t  t h e  s m a l l e r - a r e a  S i t e  P l a n  s c a l e .  S i n c e  it seems t e c h n i c a l l y  
i n f e a s i b l e  t o  c o n s t r u c t  a  model a t  t h e  l a t t e r  s c a l e  f o r  a  r e g i o n  
of 500,000 h e c t a r e s  o r  s o ,  a  h i e r a r c h i c a l  d e s i g n  p r o c e s s  u s i n g  
models a t  each s c a l e  i s  n e c e s s a r y .  
To c o v e r  t h e  comple te  r a n g e  of  d e s i g n  models would b e  t o o  
d i f f i c u l t  i n  t h e  s p a c e  of  t h i s  paper .  F i n e - s c a l e  models have 
t h e r e f o r e  been o m i t t e d .  The i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  
some i n i t i a l  s o u r c e s .  Lynch (1971) p r e s e n t s  a n  e x c e l l e n t  non- 
ma themat ica l  overview o f  t h e  many i s s u e s  i n  s m a l l - s c a l e  p l a n n i n g .  
S c o t t  (1971) d i s c u s s e s  sub-problems i n  t r a n s p o r t a t i o n  network 
d e s i g n  and p u b l i c  f a c i l i t y  l o c a t i o n  which c o u l d  b e  i n t e g r a t e d  
i n t o  a  g e n e r a l  d e s i g n  model. F r a n c i s  and White (1974) d i s c u s s  
l a y o u t  p l a n n i n g  and f a c i l i t y  l o c a t i o n  sub-models t o  minimize 
f low c o s t s  o r  d i s c o r d a n c e s  between a d j a c e n t  f a c i l i t i e s .  
I t  shou ld  be n o t e d  t h a t  g r o s s - s c a l e  d e s i g n  models a r e  ill- 
s u i t e d  t o  answer some d e t a i l e d  d e s i g n  q u e s t i o n s .  Water and 
sewer s e r v i c i n g  c o s t s ,  road  r e q u i r e m e n t s  and c o n g e s t i o n  l e v e l s ,  
and common e x t e r n a l i t y  b e n e f i t s  o r  c o s t s ,  f o r  example, may v e r y  
s i g n i f i c a n t l y  w i t h  t h e  l a y o u t  of l a n d  u s e s  w i t h i n  a  100 hec- 
t a r e  s i t e .  Only rough approx imat ions  on t h e s e  problems a r e  
p o s s i b l e  w i t h  a  g r o s s - s c a l e  model. 
3 . 2  The P u r ~ o s e  o f  t h i s  P a ~ e r  
The c e n t r a l  t e n e t  o f  t h i s  p a p e r  i s  t h a t  c u r r e n t ,  g r o s s -  
s c a l e ,  d e s i g n  models such  a s  ( 1 )  f a i l  t o  g r a s p  even t h e  theo-  
r e t i c a l  complex i ty  o f  o p t i m a l  p l a n n i n g .  They d o  n o t  a d e q u a t e l y  
hand le  s e v e r a l  i m p o r t a n t  me thodo log ica l  i s s u e s  and t h i s  i s  
p u r e l y  a s i d e  from any c o m p l a i n t s  which r e g i o n a l  p l a n n e r s  may 
have a b o u t  t h e i r  i m p l e m e n t a b i l i t y .  F u r t h e r ,  a l t h o u g h  some of  
t h e  methodo log ica l  problems may b e  r e s o l v e d  by f u r t h e r  r e s e a r c h ,  
it i s  a n  open q u e s t i o n  w h e t h ~ r  a n  adequa te  r e s o l u t i o n  o f  a l l  
t h e s e  i s s u e s  i s  fo r thcoming  i n  t h e  n e a r  f u t u r e .  
The purpose  of  t h i s  p a p e r  i s  t o  deve lop  t h i s  argument .  
An i d e n t i f i c a t i o n  of  t h e  major  me thodo log ica l  i s s u e s  i s  under-  
t a k e n  i n  S e c t i o n  2 .  A rev iew o f  some c u r r e n t  models i n  Eng l i sh -  
language r e s e a r c h  f o l l o w s  t h i s  i n  S e c t i o n  3 .  F i n a l l y ,  some 
s u g g e s t i o n s  a r e  made a b o u t  t h e  f e a s i b i l i t y  and d i r e c t i o n s  of  
new re sea rch  i n  t h i s  a r e a  i n  t h e  near  f u t u r e .  Th i s ,  and a  con- 
c l u s i o n  about t h e  f e a s i b i l i t y  of b e t t e r  app l i ed  op t imiza t ion  
models, a r e  p re sen ted  i n  Sec t ion  4 .  
2. THE MAJOR METHODOLOGICAL ISSUES 
There a r e  a t  l e a s t  e i g h t  major methodological  i s s u e s  posed 
when one a t t empt s  t o  conve r t  t h e  gene ra l  form ( 1 )  i n t o  a  s p e c i f i c  
des ign  model. Each i s s u e  i s  d i scussed  i n  t h i s  Sec t ion  and t h e  
way i n  which t h e  models of Sec t ion  3  handle  it a r e  summarized. 
2.1 The Welfare Funct ion 
The we l f a re  f u n c t i o n  i n  (1 )  presumably r e f l e c t s  t hose  
s o c i e t a l  o b j e c t i v e s  uh ich  a r e  r e l e v a n t  t o  t h e  s p a t i a l  ar range-  
ment d e c i s i o n .  Given t h a t  t h e  s p a t i a l  p a t t e r n  of human s e t t l e -  
ments and a c t i v i t y  impinges on most a s p e c t s  of human e x i s t e n c e ,  
it i s  no wonder t h a t  most s o c i e t i e s  have many d i v e r s e ,  and 
4 p o s s i b l y  c o n f l i c t i n g ,  des ign  o b j e c t i v e s  . Some economic objec-  
t i v e s ,  f o r  i n s t a n c e ,  might be t o  minimize r e g i o n a l  development 
c o s t s ,  t o  maximize t h e  region s c o n t r i b u t i o n  t o  n a t i o n a l  ou tpu t ,  
o r  t o  maximize t h e  r e a l  income l e v e l s  of t h e  r e g i o n ' s  r e s i d e n t s .  
S o c i a l  o b j e c t i v e s  might i nc lude  p re se rv ing  a  c e r t a i n  mix of 
income and s o c i a l  groups wi th in  t h e  reg ion ,  guaran tee ing  a  
c e r t a i n  l e v e l  of acces s  t o  p u b l i c  f a c i l i t i e s ,  and ensur ing  a  
d i v e r s i t y  of housing types .  A e s t h e t i c  o b j e c t i v e s  might i nc lude  
those  r e l a t e d  t o  t h e  spacing of b u i l d i n g s ,  t o  t h e i r  h e i g h t  and 
bu lk ,  and t o  t h e  conformity  of neighbouring land-uses.  There 
may even be p o l i t i c a l  o r  m i l i t a r y  o b j e c t i v e s  which d i c t a t e  t h e  
s p a t i a l  p a t t e r n s  of development. 
This  m u l t i p l i c i t y  of o b j e c t i v e s  gene ra t e s  a t  l e a s t  two 
k inds  of cho ice  problems. F i r s t ,  how should t h e  p lanner  weigh 
d i f f e r e n t  g o a l s  and choose among p l a n s  which each emphasize a l -  
t e r n a t e  goa l s?  F u r t h e r ,  w i t h i n  any s o c i e t y  t h e r e  a r e  s e v e r a l  
groups of people  each wi th  some p a r t i c i p a t o r y  power i n  t h e  p lan  
'Refer t o  Merlin (1973b. pp. 242-246), f o r  example, f o r  an 
i n t e r n a t i o n a l  comparison of s i t i n g  o b j e c t i v e s  f o r  New Towns. 
Refer  t o  Laidlaw (1972) ,  pp. 103-137) f o r  o t h e r  examples of such 
o b j e c t i v e s  . 
s e l e c t i o n  p r o c e s s .  Given groups  w i t h  c o n f l i c t i n g  sets of v a l u e s ,  
t h e  second problem i s  t o  r e c o n c i l e  d i f f e r e n t  p l a n s  which a r e  each 
op t ima l  on ly  w i t h  r e s p e c t  t o  c e r t a i n  groups .  
R e a l  p r o g r e s s  ha s  been made o n l y  on t h e  f i r s t  of t h e s e  two 
problems. Baecher e t  a 1  (1975, pp. 47-75) d i s c u s s  t h e  methods 
--
5 which have been used t o  e v a l u a t e  m u l t i - o b j e c t i v e  p l a n s  . Most 
o f  t h e s e  u se  a  w e l f a r e  f u n c t i o n  which i s  a s i m p l i f i c a t i o n  of  
t h a t  i n  ( 1 ) .  Suppose t h a t  t h e r e  a r e  W o b j e c t i v e s  and t h a t  
- 
Yw - Y ~ ( ~ ~  t X 1 2  t t X A Z  ) measures t h e  d e g r e e  t o  which o b j e c t i v e  
' w '  is  a t t a i n e d  by a  land-use  a l l o c a t i o n .  The w e l f a r e  f u n c t i o n  
i n  ( 1 )  can  then  be  re -expressed  a s  a  f u n c t i o n  of  t h e s e  o b j e c t i v e s .  
T h i s  f u n c t i o n  can  be  s i m p l i f i e d  i f  it i s  assumed t h a t  IT i s  a  
l i n e a r  f u n c t i o n  of s e p a r a b l e  o b j e c t i v e s .  
Such a s i m p l i f i c a t i o n  i s  q u i t e  r e s t r i c t i v e  i n  t h a t  it presumes 
(i) t h a t  o b j e c t i v e s  a r e  independent  c f  each  o t h e r  and (ii) t h a t  
t h e  marg ina l  c o n t r i b u t i o n  of measure yi t o  t h e  v a l u e  o f  t h e  w e l -  
f a r e  f u n c t i o n  i s  independen t  o f  yi i t s e l f .  Even t h i s  s i m p l i f i e d  
w e l f a r e  f u n c t i o n  r e q u i r e s  e s t i m a t e s  of t h e  ai  t e rms  i n  (2 .b)  and 
6 t h i s  pose s  some e s t i m a t i o n  problems . 
An a l t e r n a t i v e  t o  t h e  m u l t i - o b j e c t i v e  w e l f a r e  f u n c t i o n  is  
t o  presume t h a t  o n l y  one o b j e c t i v e  i s  t o  be  i nc luded .  I n  l and  
u s e  de s ign  problems,  t h e  s i n g l e  o b j e c t i v e  i s  u s u a l l y  development 
c o s t  min imiza t ion .  Other  o b j e c t i v e s ,  o f  which t h e r e  may be  
s e v e r a l ,  a r e  t hen  t r e a t e d  a s  c o n s t r a i n t s  w i t h  yi be ing  fo r ced  
t o  a c e r t a i n  minimum ( o r  maximum) . One r e p r e s e n t a t i o n  o f  such  
a  de s ign  model, where y l  i s  t h e  o n l y  o b j e c t i v e  i nc luded  i n  t h e  
w e l f a r e  f u n c t i o n  is  t h e  f o l l owing  e x t e n s i o n  o f  ( 1 ) .  
' ~ h e s e  exc lude  cos t -benef  it a n a l y s i s ,  c o s t - e f f e c t i v e n e s s ,  
t h e  p lann ing  ba l ance  s h e e t  o f  L i t c h f i e l d ,   ill's Goals ach ieve-  
ment Mat r ix ,  and p r e f e r e n c e  t h e o r y  approaches .  
6 ~ e f e r  t o  Heal  (1973, pp. 9-16) . 
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The c o n s t a n t  bi r e p r e s e n t s  a minimum a t t a inmen t  l e v e l  f o r  ob- 
7 j e c t i v e  y n o t  included i n  t h e  we l f a re  func t ion  . These might i 
a l s o  be termed planning s tandards .  
I n  p r a c t i c e ,  de s ign  models s i m i l a r  t o  ( 3 )  might be used 
i t e r a t i v e l y  by t h e  p lanner .  H e  would make s u b j e c t i v e  t r a d e - o f f s  
l 
and r a i s e  o r  lower t h e  b i t s  i n  each i t e r a t i o n  depending on t h e  
a c c e p t a b i l i t y  of t h e  c u r r e n t  va lue  of  IT. Such a procedure ,  
whi le  s t i l l  f o r c i n g  him t o  i m p l i c i t l y  cons ide r  t h e  gene ra l  w e l -  
f a r e  f u n c t i o n  i n  ( 2 . a ) ,  i s  an  improvement because it he lps  t h e  
p l anne r  t o  come t o  g r i p s  i n t e r a c t i v e l y  w i th  important  t r a d e - o f f s  
and t h e i r  consequences. I 
Some cr i t ics  assert t h a t  t h e  s ea rch  f o r  a we l f a re  f u n c t i o n  
i s  a f u t i l e  e x e r c i s e .  They p o i n t  o u t  t h a t ,  i n  a p l u r a l i s t i c  
s o c i e t y ,  d i f f e r e n t  i n t e r e s t  groups may have d i f f e r e n t  va lues  
and t h a t  t h i s  u s u a l l y  imp l i e s  t h a t  a well-behaved we l f a re  func- 
8 t i o n  does n o t  e x i s t  . F u r t h e r ,  they  a rgue  t h a t  t h e  p o l i t i c a l  
decision-making p roces s  i t s e l f ,  i f  provided w i t h  adequate  i n f o r -  
mat ion,  s e r v e s  as i t s  own kind of  opt imizing r o u t i n e .  
7 ~ o r  completeness,  t h e  p o s s i b i l i t y  of upper l i m i t  c o n s t r a i n t s  
( e . g . ,  Y i  - < bi) should n o t  be excluded.  
8 ~ s  d i scussed  i n  H e a l  (1973, pp. 25-59), t h i s  i s  t h e  f a m i l i a r  
Arrow paradox. 
There  a r e ,  however, s e v e r a l  r e a s o n s  why a  d e s i g n  model i s  
u s e f u l  i n  p r i n c i p l e  i n  s p i t e  of  t h e s e  cr i t ic i sms .  F i r s t ,  it i s  
s t i l l  n e c e s s a r y  t o  r e d u c e  t h e  l a r g e  a r r a y  of p o s s i b l e  l and-use  
p l a n s  t o  a  manageable se t  wherein  h o p e f u l l y  each  p l a n  r e p r e s e n t s  
a  d i s t i n c t  a l t e r n a t i v e  emphasing d i f f e r e n t  sets  of  v a l u e s .  For  
t h i s ,  a  d e s i g n  model i s  u s e f u l .  Secondly ,  t h e s e  models  neces-  
s i t a t e  t h e  s y s t e m a t i c  c o l l e c t i o n  of d a t a  which i s  i m p o r t a n t  f o r  
any informed d i s c u s s i o n  o f  a l t e r n a t i v e s .  F i n a l l y ,  such models 
9  f o r c e  a n  e x p l i c i t  c o n s i d e r a t i o n  of  o b j e c t i v e s  and t r a d e - o f f s  . 
I n  a  preview of S e c t i o n  3,  t h e  w e l f a r e  f u n c t i o n s  c u r r e n t l y  
i n  u s e  may be  d e s c r i b e d  a s  f o l l o w s .  Near ly  a l l  models a r e  of  
t h e  t y p e  t y p i f i e d  by ( 3 ) .  There  a r e  v i r t u a l l y  no d i r e c t  a p p l i -  
c a t i o n s  o f  ( 2 . b )  i n  o p t i m i z i n g  l and-use  models where t h e  i n c l u d e d  
Y i ' s  r e p r e s e n t  d i s - s i m i l a r  o b j e c t i v e s .  Model e v a l u a t i o n  accord-  
i n g  t o  ( 2 . b )  d o e s  t a k e  p l a c e  i n  c o n v e n t i o n a l  l and-use  p l a n n i n g  
where t r i a l - a n d - e r r o r  schemes a r e  used  f o r  p l a n  g e n e r a t i o n .  
However, a p p l i c a t i o n s  u s i n g  a  d i r e c t  o p t i m i z a t i o n  p r o c e d u r e  a r e  
s c a r c e .  An e x t e n s i o n  of  c u r r e n t  models t o  a  w e l f a r e  f u n c t i o n  
of  t h e  ( 2 . a )  o r  ( 2 . b )  v a r i e t y  i s  one a r e a  o f  f u t u r e  r e s e a r c h .  
2.2 U n c e r t a i n t y  
The model ( 1 )  i s  d e t e r m i n i s t i c .  To u s e  i t ,  o n e  must be a b l e  
t o  s p e c i f y  e x a c t l y  t h e  s h a p e  o f  t h e  w e l f a r e  f u n c t i o n  and each  
c o n s t r a i n t .  T h i s ,  however, i s  v e r y  d i f f i c u l t  t o  do.  O f t e n ,  one  
d o e s  n o t  have enough i n f o r m a t i o n  t o  b e  a b l e  t o  s p e c i f y  ( 1 )  e i t h e r  
a t  t h e  p r e s e n t  moment o r  i n  t h e  f u t u r e  a t  t h e  mature  s t a t e  p o i n t .  
T h i s  u n c e r t a i n t y  s t e m s  from a t  l e a s t  two s o u r c e s .  F i r s t ,  t h e  
p l a n n e r  u s u a l l y  o p e r a t e s  i n  a n  envi ronment  which h e ,  a t  b e s t ,  o n l y  
p a r t l y  u n d e r s t a n d s  and c o n t r o l s .  To some e x t e n t ,  t h e  p l a n n e r  is  
t r y i n g  t o  o p t i m i z e  a  s p a t i a l  a r rangement  of a c t i v i t i e s  w i t h o u t  
knowing a l l  t h e  i n t e r c o n n e c t i o n s  t h a t  migh t  e x i s t  among t h e s e  
a c t i v i t i e s .  T h i s  i s s u e  i s  approached a g a i n  i n  S e c t i o n  2.7. The 
second s o u r c e  of  u n c e r t a i n t y  i s  d u e  t o  changes  between now and 
t h e  mature  s t a t e  t i m e  frame i n  such  a s p e c t s  a s  t echno logy  and 
' s ch lager  makes s i m i l a r  p o i n t s  i n  Highway Research  Board 
(1968, pp. 193-196) .  
s o c i e t a l  p r e fe rences .  
The problem of op t imiza t ion  under u n c e r t a i n t y  about  f u t u r e  
cond i t i ons  i s  one which p lanners  have long recognized.  The 
source  of t h e  problem i s  of cou r se  t h e  d u n a b i l i t y  of  b u i l d i n g s  
and t h e  d i f f i c u l t y  of a l t e r i n g  t h e  use  f o r  which a  b u i l d i n g  i s  
o r i g i n a l l y  designed.  I n  o t h e r  words, a  d e c i s i o n  made now about  
t h e  land-uses a l l o c a t e d  t o  a  zone cannot  be e a s i l y  changed f o r  
many y e a r s ,  perhaps  decades ,  once it i s  developed. Thus, i f  an 
opt imal  s o l u t i o n  t o  (1 )  i s  very  s e n s i t i v e  t o  unpred ic t ab l e  fu-  
t u r e  c o n d i t i o n s ,  what i s  opt imal?  D i f f e r e n t  s t r a t e g i e s  can  be 
proposed based on d i f f e r e n t  no t ions  of r a t i o n a l i t y  under uncer-  
t a i n t y  b u t  t h e  concept  of  a  b e s t  s o l u t i o n  may have t o  be d r a s -  
t i c a l l y  a l t e r e d .  
None of  t h e  models reviewed i n  t h i s  paper cons ide r  t h e  
problem of u n c e r t a i n t y .  They a l l  presume t h a t  whatever para-  
meter va lues  a r e  r equ i r ed  can be suppl ied  wi th  p r e c i s i o n .  I n  
f a c t ,  a s  i s  t o  be s een ,  newer models tend t o  make g r e a t e r  demands 
f o r  p r e c i s e  parameter va lues  s o  t h a t  t h e  i s s u e  of t h e  t r ea tmen t  
of u n c e r t a i n t y  i s  becoming ever  more important .  
Indeed, it could be argued t h a t  t h e  use of mathematical  
des ign  models such a s  ( 1 )  i s  unwarranted because of t h i s  uncer- 
t a i n t y .  The p r e c i s i o n  of  t h e  s o l u t i o n  t o  such a  model i s  viewed I 
a s  i r r e l e v a n t .  What one seeks ,  i n s t e a d  of a  d e t e r m i n i s t i c  op- 
t i m u m ,  i s  a  s p a t i a l  arrangement o f  land-uses which i s  r o b u s t  
whi le  being near-opt imal .  Robustness would he re  r e f e r  t o  t h e  
near -op t imal i ty  of a  s o l u t i o n  over  an expected range of  parameter 
va lues .  I t  i s  p o s s i b l e  t o  c o n s i d e r  robus tnes s ,  i n  a  des ign  model 
such a s  ( I ) ,  i n  a  crude way us ing  s e n s i t i v i t y  a n a l y s i s .  Whether 
a  mathematical  des ign  model i s  r e a l l y  t h e  b e s t  way t o  f i n d  a  
near-optimal r o b u s t  s o l u t i o n  i s ,  however, s t i l l  an  open ques t ion .  
2 . 3  Dynamic Opt imizat ion 
A l l  r e f e r e n c e s  t o  op t imiza t ion  i n  (1 )  a r e  t o  a  'mature s t a t e '  
a t  some f u t u r e  p o i n t  i n  t ime.  However w e l l  an op t imal  end s t a t e  
can b e - d e f i n e d ,  s e v e r a l  q u e s t i o r k  can be r a i s e d  concerning t h e  dy- 
namics of how a  s o c i e t y  g e t s  t h e r e .  Is t h e r e  a n  op t imal  pa th  
t h a t  t h e  s p a t i a l  p a t t e r n  of  land-use should fo l low over  t ime 
between now and t h e  mature  s t a t e ?  Is t h e r e  a  s i g n i f i c a n t  d i f -  
f e r e n c e  between i nc r emen ta l  o p t i m i z a t i o n  a t  each  f u t u r e  t i m e  
pe r iod  and mature  s t a t e  o p t i m i z a t i o n ?  Should c o n s i d e r a t i o n  be  
g i v e n  t o  t h e  d i f f e r e n c e s  between a  deve lop ing  and a  mature  
r eg ion  and what might  t h e s e  be? None of  t h e  models reviewed 
i n  t h i s  paper  c o n s i d e r  t h e  f i r s t  and t h i r d  q u e s t i o n s .  One 
model i s  used t o  e x p l i c i t l y  e v a l u a t e  t h e  second ques ton  a l -  
though o t h e r s  cou ld  p o t e n t i a l l y  be  used a s  w e l l .  
On t h e  t h i r d  q u e s t i o n ,  t h e r e  a r e  a t  l e a s t  two phenomena 
which might  be cons ide r ed .  I n  a  deve lop ing  r e g i o n ,  t h e r e  a r e  
problems i n  t h e  temporal  sequencing of  i n t e r d e p e n d e n t  p r o j e c t s .  
Which land-use a c t i v i t i e s  should  be  developed f i r s t  and where 
should  t h e y  be l o c a t e d  r e l a t i v e  t o  each o t h e r ?  Some work has  
been c a r r i e d  o u t  on models of t h e  phas ing  of  i n d u s t r i a l  com- 
p l exes '  '. However, t h i s  work i s  e s s e n t i a l l y  n o n - s p a t i a l  and 
none of  t h e  land-use  models t o  be cons ide r ed  i n c o r p o r a t e s  such 
n o t i o n s 1  . The second dynamic phenomenon ha s  t o  d o  w i t h  t h e  
changing demographic s t r u c t u r e  of  t h e  popu l a t i on .  Usua l l y ,  a  
l a r g e  p a r t  o f  p o p u l a t i o n  growth i n  a  deve lop ing  r e g i o n  i s  due 
t o  n e t  in -migra t ion .  In-migrants ,  however, t end  t o  be  younger 
t h a n  t h e  n a t i o n a l  average12 .  A s  t h e  r e g i o n  evo lve s  toward a  
mature  s t a t e ,  i t s  p o p u l a t i o n  age  d i s t r i b u t i o n  c a n  b e  expec ted  
t o  move c l o s e r  t o  t h e  n a t i o n a l  average .  S ince  housing and 
o t h e r  consumer needs  of a  p o p u l a t i o n  v a r y  w i t h  t h e  age  d i s t r i -  
b u t i o n ,  t h e  op t ima l  l and-use  p a t t e r n  may a l s o  v a r y  th rough  t h e  
development phase .  Again, however, none of  t h e  d e s i g n  models 
e x p l i c i t l y  c o n s i d e r s  t h i s  problem. 
2.4 Layout and Level  * 
There i s  a  s i g n i f i c a n t  d i s t i n c t i o n  i n t h e  fo l l owing  rev iew 
between two c l a s s e s  o f  models.  One c l a s s  assumes t h a t  t h e  
l  ' ~ e f e r ,  f o r  example, t o  R e i t e r  and Sherman (1962) and 
Reiter (1963) .  
l  'A  non-mathematical d i s c u s s i o n  o f  some sequencing pro-  
blems i n  urban development i s  found i n  F r i end  and J e s s o p  
(1969, pp. 165-213).  
- - 
1 2 ~ n  excep t i on  o c c u r r i n g  i n  t h e  c a s e  o f  r e t i r e m e n t  a r e a s .  
a g g r e ga t e  amount ( l e v e l )  o f  each  l and-us ing  a c t i v i t y  i n  t h e  
r e g i o n  i n  t h e  mature  s t a t e  i s  exogenously g iven .  I n  t h e s e  
models,  t h e  o n l y  endogenous v a r i a b l e s  a r e  t h e  a l l o c a t i o n s  
( l a y o u t )  o f  t h i s  ag g r eg a t e  among t h e  d i f f e r e n t  zones.  A second 
c l a s s  o f  models ,  assumes t h a t  bo th  t h e  a g g r e g a t e  amount of  
development and i t s  l o c a t i o n  ( l e v e l  and l a y o u t )  a r e  endogenously 
determined.  I n  t h i s  c l a s s  of  models,  it i s  b e l i e v e d  t h a t  t h e  
e f f i c i e n c y  of  i t s  land-use  arrangement a f f e c t s  t h e  agg rega t e  
l e v e l  of  development o f  t h e  r e g i o n .  Proponents  of t h e  f i r s t  
k ind  o f  model would a r g ue  t h a t  t h e  l e v e l  of  a  land-use  a c t i v i t y  
i s  u s u a l l y  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  e f f i c i e n c y  of i t s  l a y -  
o u t .  They would t h u s  a r gue  t h a t  t h e  second c l a s s  o f  models i s  
u n - n e ces sa r i l y  compl ica ted .  Proponents  of  t h e  second c l a s s  
would a r g u e  t h a t  l e v e l  i s  more s e n s i t i v e  t o  l a y o u t .  F u r t h e r ,  
t h e y  t e n d  t o  see i n  t h i s  c l a s s  o f  models e x p l i c i t  connec t i ons  
w i t h  an  economic t h e o r y  of  r e g i o n a l  development t h a t  i s  mi s s ing  
i n  t h e  f i r s t  c l a s s .  
Should b o t h  l e v e l  and l a y o u t  be made endogenous t o  t h e  
model? Viewing t h e  d e s i g n  model a s  a  t h e o r e t i c a l  t o o l ,  t h e  
answer i s  y es .  The second c l a s s  of  models is  more g e n e r a l  i n  
t h a t  it c l e a r l y  encompasses t h e  s o l u t i o n  p o s s i b i l i t i e s  of t h e  
f i r s t  a s  w e l l  a s  o t h e r s .  A t  an  o p e r a t i o n a l  l e v e l ,  t h e  answer 
i s  n o t  s o  c l e a r .  The second c l a s s  of models i s  c o n s i d e r a b l y  
more complex and may be  i n f e a s i b l e  t o  o p e r a t i o n a l i z e .  Also ,  
t h e  a p p l i e d  p l an n e r  may be f aced  w i t h  a  g iven  b i l l  o f  a c t i v i t y  
l e v e l s  which he i s  n o t  f r e e  t o  va ry .  I n  t h e s e  c a s e s ,  t h e  f i r s t  
c l a s s  of models may be  e a s i e r  o r  more a p p r o p r i a t e  t o  u se .  
2 . 5  The T r a n s p o r t a t i o n  S e c t o r  
V i r t u a l l y  a l l  l a n d  u s e  p lann ing  models t r e a t  t h e  t r a n s p o r -  
t a t i o n  s e c t o r  v e r y  s k e t c h i l y .  There a r e  a t  l e a s t  two main 
r e a s o n s  why a  more thorough t r e a t m e n t  of t h i s  s e c t o r  i s  j u s t i -  
f i e d .  The f i r s t  i n v o l v e s  a  r e l a t i o n s h i p  between network d e s i g n  
and l a n d  use .  The second i nvo lve s  a  r e l a t i o n s h i p  between t h e  
s p a t i a l  p a t t e r n  of  u r b a n i z a t i o n  and t h e  amount o f  l a n d  r e q u i r e d  
f o r  t r a n s p o r t a t i o n .  I n  a lmos t  any kind of s o c i e t y ,  t h e  p rov i -  
s i o n  of  most t r a n s p o r t a t i o n  f a c i l i t i e s  i s  i n  t h e  p u b l i c  s e c t o r .  
Thus, t h e  p l a n n e r  h a s  u s u a l l y  b o t h  a  r e s p o n s i b i l i t y  t o  p l a n  f o r  
t h e  t r a n s p o r t a t i o n  s e c t o r  and a  c a p a b i l i t y  t o  u s e  t h i s  s e c t o r  
a s  a  t o o l  i n  encourag ing  a n  o p t i m a l  land-use  p a t t e r n .  
The d e s i g n  of a  t r a n s p o r t a t i o n  network g i v e s  t h e  p l a n n e r  
s e v e r a l  i n s t r u m e n t s  t o  c o n t r o l  t h e  g e n e r a l  p a t t e r n  of l a n d  u s e .  
These i n s t r u m e n t s  i n c l u d e  t h e  l o c a t i o n  and geometry of  t h e  
network,  i t s  f low c a p a c i t i e s ,  and i t s  p r i c l n g  ( i n c l u d i n g  
c o n g e s t i o n  c o s t s )  s t r u c t u r e .  S i n c e  a  t r a n s p o r t a t i o n  network 
g e n e r a l l y  c o n s i s t s  of  s e v e r a l  modal ne tworks ,  f u r t h e r  p o l i c y  
i n s t r u m e n t s  migh t  i n c l u d e  t h e  mix o f  modes, t h e  congruence  of 
13 j u n c t i o n  p o i n t s ,  and t h e  r e l a t i v e  p r i c i n g  of e a c h  . 
Near ly  a l l  l and-use  d e s i g n  models t a k e  a  v e r y  n a i v e  view 
of t h e  t r a n s p o r t a t i o n  network.  If they  t r e a t  i t  a t  a l l  i t  i s  
u s u a l l y  assumed t h a t  t h e  c o s t  of any movement between a  p a i r  
of zones i s  f i x e d  and exogenously  g iven .  I n  o t h e r  words, t h e  
t r a n s p o r t a t i o n  network i s  g i v e n  p r i o r  t o  d e t e r m i n a t i o n  o f  t h e  
o p t i m a l  l and-use  p a t t e r n .  
The second a s p e c t ,  t h e  demand f o r  l a n d  by t r a n s p o r t a t i o n ,  
h a s  r e c e i v e d  more a t t e n t i o n  i n  d e s i g n  models.  H e r e  emphasis  
has  been p u t  e n t i r e l y  on road  t r a n s p o r t .  B e s i d e s  t h e  p u b l i c  
r o l e  i n  t r a n s p o r t  i n  g e n e r a l ,  t h e  p l a n n e r  h a s  a n o t h e r  i n t e r e s t  
i n  road p r o v i s i o n .  S i n c e  r o a d s  a r e  r a r e l y  p r i c e d  e f f i c i e n t l y  
( a t  marg ina l  s o c i a l  c o s t ) ,  t h e y  a r e  s u b j e c t  t o  over-use  i n  a  
s o c i a l l y  o p t i m a l  s e n s e .  The r a t i o n a l  p r o v i s i o n  of  l a n d  f o r  
r o a d s  i s  t h u s  a  major  p l a n n i n g  problem f o r  many k i n d s  o f  
s o c i e t i e s .  
To c o m p l i c a t e  t h i s  t h e r e  is  a  fundamental  t r a d e - o f f  i n  t h e  
p r o v i s i o n  o f  l a n d  f o r  t r a n s p o r t a t i o n .  Given t h e  economic ben- 
e f i t s  of  s p a t i a l l y  c o n c e n t r a t e d  p r o d u c t i o n ,  t h e r e  i s  a n  advan- 
t a g e  i n  a l l o c a t i n g  a s  l i t t l e  l a n d  a s  p o s s i b l e  t o  t r a n s p o r t a t i o n  
w i t h i n  an  urban a r e a .  On t h e  o t h e r  hand, c o n g e s t i o n  c o s t s  rise 
1 3 ~ s  one  s i m p l e  example, c o n s i d e r  a  network w i t h  l i m i t e d  
e n t r y  and e x i t  p o i n t s ,  such  a s  a  subway o r  a  l i m i t e d - a c c e s s  
f reeway,  i n  c o n t r a s t  t o  a  c o n t i n u o u s  a c c e s s  network such  a s  
an  urban g r i d  street  sys tem.  Land-use development  i n  t h e  
l i m i t e d - a c c e s s  network might  be  expected  t o  b e  c l u s t e r e d  
around a c c e s s  p o i n t s  i n  c o n t r a s t  t o  t h e  spat ia l ly-homogenous  
p a t t e r n  which might  b e  expec ted  w i t h  t h e  l a t t e r  network.  
qu ick ly  wi th  t h e  r a t i o  of t r a f f i c  flow t o  r o u t e  capac i ty .  Given 
a  r e l a t i o n s h i p  between r o u t e  c a p a c i t y  and t h e  amount of land 
used, t h e  op t imal  l and  a l l o c a t i o n  i s  seen  a s  a  well-defined 
economic concept .  
One of t h e  models t o  be d i scussed  i n  Sec t ion  3  does i nco r -  
p o r a t e  a  s p e c i f i c  land-use r o l e  f o r  t r a n s p o r t a t i o n .  A very 
simple model of t r a n s p o r t a t i o n  i s  used; a  ground-level  road 
network. A l t e r n a t i v e  modes i n  which t h e  r a t i o  of c a p i t a l  t o  
land i s  h ighe r ,  such a s  subways o r  e l eva t ed  monora i l s ,  have 
n o t  been d i scussed .  
A broad c r i t i c i s m  may be made of t h e  approach of such land-  
use des ign  models towards land f o r  road t r a n s p o r t a t i o n .  These 
models i n v a r i a b l y  assume two engineer ing  r e l a t i o n s h i p s .  The 
f i r s t  i s  a l i n k  between conges t ion  c o s t s  and t h e  r a t i o  of t r a f -  
f i c  t o  r o u t e  c a p a c i t y .  The second i s  a r e l a t i o n s h i p  between 
c a p a c i t y  and land  i n p u t .  Both of t h e s e  r e l a t i o n s h i p s  a r e  sub- 
j e c t  t o  some v a r i a t i o n  i n  r e a l i t y  depending on t h e  very d e t a i l e d  
a t t r i b u t e s  of t h e  r o u t e  l i n k  i n  ques t ion14 .  That  g ros s - sca l e  
design models r e l y  t o o  heav i ly  on an over -s impl i f ied  model of 
road t r a f f i c  f low i s  a s e r i o u s  c r i t i c i s m .  I t  i n d i c a t e s  a  l i m i -  
t a t i o n  on t h e  u se fu lnes s  of t h i s  k ind of  model. 
2.6 Handling of Loca t iona l  Interdependencies  
The d e s i r a b i l i t y  of a  zone t o  a  c e r t a i n  land-use a c t i v i t y  
may depend on t h e  k inds  of a c t i v i t i e s  which l o c a t e  i n  nearby 
zones. Such d i s t a n c e - r e l a t e d  l o c a t i o n a l  in te rdependenc ies  
a r i s e  from a t  l e a s t  t h r e e  sources .  F i r s t ,  one land-use  a c t i v i t y  
may purchase t h e  o u t p u t s  of ano ther  a c t i v i t y .  I f  they vary 
s y s t e m a t i c a l l y  wi th  d i s t a n c e ,  t h e  t r a n s p o r t a t i o n  c o s t s  a s s o c i a t e d  
wi th  such t r a n s a c t i o n s  a r e  one source  of l o c a t i o n a l  in terdepend-  
ency. Included i n  such c o s t s  would be commuting and consumer 
t r i p  expenses a s  we l l  a s  i n t e rmed ia t e  good flow' expenses among 
producers  o r  d i s t r i b u t o r s .  A second kind of interdependency 
a r i s e s  because of communications and informat ion f low c o s t s  
which vary s y s t e m a t i c a l l y  w i th  d i s t a n c e .  There, t h e  t i m e  c o s t s  
c r e a t e d  by d i s t a n c e  and t h e  n e c e s s i t y  of face- to - face  communi- 
c a t i o n  a r e  another  source  of l o c a t i o n a l  in terdependence.  Th i rd ly ,  
1 4 ~ e f e r  t o  Wohl and Martin (1967, pp. 322-3731 f o r  example. 
l o c a t i o n a l  in te rdependenc ies  may be c r e a t e d  by t h e  e x t e r n a l i t y  
e f f e c t s  f lowing from one land-use t o  nearby ones .  A t y p i c a l  
nega t ive  example i s  a i r  p o l l u t i o n  whi le  a  p o s i t i v e  e x t e r n a l i t y  
might be a  view of an ad j acen t  s c e n i c  park.  
Gross-scale des ign  models a r e  g e n e r a l l y  of two types .  I n  
one type of model, a l l  l o c a t i o n a l  in te rdependenc ies  a r e  ignored.  
I n  t h e  second type ,  on ly  t r a n s p o r t a t i o n  c o s t s  a r e  cons idered .  
There a r e  no g ros s - sca l e  models which inco rpo ra t e  e i t h e r  of t h e  
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o t h e r  two sources  of l o c a t i o n a l  in terdependence endogenously . 
2.7 The P r i v a t e  Sec to r  
To t h i s  p o i n t ,  t h e  t r ea tmen t  of t h e  des ign  problem has been 
q u i t e  a b s t r a c t .  The op t imal  l a y o u t ,  and sometimes even t h e  l e v e l ,  
of a l l  land-uses has  been sought wi th  no concern for t h e  a b i l i t y  
of  a  government o p e r a t i n g  wi th in  a  p a r t i c u l a r  i n s t i t u t i o n a l  set- 
t i n g  t o  e f f e c t  t h a t  s p a t i a l  p a t t e r n .  Even t h e  concept  of  a  
' p l a n n e r '  a s  used u n t i l  now has  been i n  t e r m s  of  t h e  academic 
no t ion  of a  complete d i c t a t o r  o p e r a t i n g  h i s  own economy. This  
has  been c o n s i s t e n t  wi th  ou r  emphasis on r e g i o n a l  economic theory .  
The methodological i s s u e s  r a i s e d  by t h e  e x i s t e n c e  of a  
p r i v a t e  s e c t o r  i n  s o c i e t y  become impor tan t  when one beg ins  t o  
move from a  t h e o r e t i c a l  t o  an app l i ed  model. Of cou r se ,  t h e  
p a r t i c u l a r  l e g a l  and i n s t i t u t i o n a l  frameworks w i t h i n  which it 
o p e r a t e s  mak'es t h e  p r i v a t e  s e c t o r  i n  each s o c i e t y  unique t o  
some e x t e n t .  However, i n  most s o c i e t i e s  a  r o l e  i s  accorded t o  
t h e  p r i v a t e  s e c t o r  which makes t h e  p u b l i c  s e c t o r  on ly  p a r t l y  
a b l e  t o  e f f e c t  an op t imal  p l an .  Two q u e s t i o n s  a r e  r a i s e d .  How 
does t h e  behaviour of t h e  p r i v a t e  s e c t o r  i n  a  p a r t i c u l a r  s o c i e t y  
a f f e c t  t h e  l e v e l  and l ayou t  of  land-use a c t i v i t i e s ?  What t o o l s  
a r e  a v a i l a b l e  t o  t h e  r e g i o n a l  p lanner  t o  e f f e c t  an op t imal  p lan?  
The f i r s t  q u e s t i o n  i s  cons idered  below whi le  t h e  second i s  d i s -  
cussed i n  Sec t ion  2.8.  
5 ~ o m e  f i n e - s c a l e  des ign  models have been developed i n  which 
it i s  p o s s i b l e  t o  r e p r e s e n t  any kind of interdependency.  Refer ,  
f o r  example, t o  t h e  models desc r ibed  i n  F r a n c i s  and White (19741, 
Chapter  3 ) .  However, such models u s u a l l y  have on ly  a  vague kind 
of weighting scheme f o r  such in te rdependenc ies .  I n  a d d i t i o n ,  
such models tend n o t  t o  have a n a l y t i c a l  o r  even numerical  so lu -  
t i o n  a lgor i thms .  
A r a t h e r  l a r g e  l i t e r a t u r e  h a s  developed on models of p r i v a t e  
s e c t o r  behav iour .  Most of  t h i s  l i t e r a t u r e  can  b e  subd iv ided  i n t o  
models of t h e  a g g r e g a t e  l e v e l  o f  r e g i o n a l  development  and models 
of t h e  r o l e  of p r i v a t e  s e c t o r  behaviour  i n  s h a p i n g  land-use  o r  
l a y o u t  p a t t e r n s .  Richardson (1973) p r e s e n t s  a  r e c e n t  summary on 
models of a g g r e g a t i v e  development  a p p l i c a b l e  t o  B r i t a i n  and North 
America. Behav ioura l  models of l a y o u t  a r e  reviewed i n  S e n i o r  
(1973 and 1 9 7 4 ) ,  King (19721, B a t t y  ( 1 9 7 2 ) ,  and Lowry ( 1 9 6 8 ) .  
I n  s p i t e  o f  t h i s  l a r g e  l i t e r a t u r e ,  t h e r e  h a s  been no a t t e m p t  
t o  i n t e g r a t e  b e h a v i o u r a l  and d e s i g n  models .  Some .of t h e  behav- 
i o u r a l  l and-use  models ,  such a s  t h a t  o f  Lowry, a l l o w  f o r  s p e c i f i c  
p l a n n i n g  t o o l s  such  a s  zoning and d e n s i t y  r e s t r i c t i o n s .  However, 
t h e y  do n o t  c o n t a i n  a n  e x p l i c i t  o p t i m i z a t i o n  p r o c e d u r e  t o  q u a l i f y  
them a s  d e s i g n  models.  
I n  t h e  models reviewed i n  t h i s  p a p e r ,  t h e r e  i s  no g e n e r a l  
t r e a t m e n t  of  p r i v a t e  s e c t o r  behav iour .  The o n l y  b e h a v i o u r a l  
a s p e c t s  c o n t a i n e d  i n  any of t h e s e  models concern  t r a n s p o r t a t i o n  
f lows .  I n  t h e s e  c a s e s ,  t h e  models e s t i m a t e  t h e  t o t a l  t r a n s p o r -  
t a t i o n  f lows  between land-use  a c t i v i t i e s  i n  each  zone o r  p a i r  
o f  zones.  The c o s t s  a s s o c i a t e d  w i t h  t h e s e  f l o w s  a r e  t h e n  i n -  
c luded  a s  p a r t  of t h e  a g g r e g a t e  r e g i o n a l  development  c o s t  t o  b e  
minimized. Tha t  d e s i g n  models have n o t  been extended t o  con- 
s i d e r  o t h e r  b e h a v i o u r a l  a s p e c t s  i s  s u r p r i s i n g  i n  view of  t h e  
number of  s o c i e t i e s  where t h e  p r i v a t e  s e c t o r  p l a y s  a  s i g n i f i c a n t  
r o l e .  
The methodo log ica l  i s s u e s  r a i s e d  by a  p r i v a t e  s e c t o r  go  
beyond j u s t  problems of a p p l i c a t i o n .  There i s  a l s o  a  s u b s t a n t i v e  
t h e o r e t i c a l  q u e s t i o n  r a i s e d .  I n  t h e  a b s t r a c t  world o f  p e r f e c t l y  
p lanned and p e r f e c t l y  c o m p e t i t i v e  s o c i e t i e s ,  d o e s  a  d e s i g n  model 
i n d i c a t e  a n y t h i n g  a b o u t  t h e  a b i l i t y  of  a  d e c e n t r a l i z e d  p r i v a t e  
s e c t o r  o r  market  economy t o  a c h i e v e  t h e  same maximum e f f i c i e n c y  
o f  t h e  c e n t r a l i z e d  economy? 
The d u a l  s o l u t i o n  t o  a  d e s i g n  programming model i s  h e l p f u l  
i n  e s t a b l i s h i n g  t h e  ( n o n ) e q u i v a l e n c e  of  c e n t r a l i z e d  v e r s u s  de-  
c e n t r a l i z e d  decis ion-making.  I n  market  economies, t h e  l and  
market  i s  p a r t l y  r e l i e d  upon t o  d i s t r i b u t e  l a n d  among p o t e n t i a l  
u s e r s .  The R i c a r d i a n  r e n t  p a t t e r n  which might  be e s t a b l i s h e d  
i n  a  p e r f e c t l y  c o m p e t i t i v e  market  economy may be compared wi th  
t h e  shadow p r i c e  f o r  l a n d  i n  a  programming model. E qu iva l en t  
p r i c e s  imply t h a t  l a n d  i s  n o t  m i s - a l l oca t ed  i n  t h e  market  
s o l u t i o n .  
P o l i c y  Tools  and T h e i r  E f f i c i e n c y  
A s  argued e a r l i e r ,  no d e s i g n  model e x p l i c i t l y  c o n s i d e r s  
t h e  t o o l s  t o  be  used i n  e f f e c t i n g  a  l a n d  u s e  p l a n .  The t o o l s  
a v a i l a b l e  v a r y  wide ly  from one s o c i e t y  t o  t h e  n e x t  and it i s  
d i f f i c u l t  t o  d i s c u s s  them more s p e c i f i c a l l y  w i thou t  choosing 
p a r t i c u l a r  s o c i e t i e s  a s  examples. I n  most s o c i e t i e s ,  however, 
t h e  p l an n e r  a t  l e a s t  h a s  some s ay  i n  t h e  c r e a t i o n  o f  p u b l i c  
i n f r a s t r u c t u r e  such a s  t r a n s p o r t a t i o n  f a c i l i t i e s ,  u t i l i t y  l i n e s ,  
and park land .  Th i s  c a n  sometimes i n c l u d e  such a s p e c t s  a s  l o -  
c a t i o n ,  q u a n t i t y ,  and p r i c i n g .  F u r t h e r ,  i n  m o s t  s o c i e t i e s ,  
p l a n n e r s  u s u a l l y  a l s o  have t h e  power t o  implement pe rmi s s ive  
zoning16. Other  powers a r e  less wide ly  a v a i l a b l e .  
When one c o n s i d e r s  s o c i e t i e s  which a l l o c a t e  more a u t h o r i t y  
t o  p l a n n e r s ,  t h e r e  a r e  a t  l e a s t  t h r e e  d i r e c t i o n s  i n  which such 
c o n t r o l s  might  go.  The f i r s t  i s  towards more r e s t r i c t i v e  zoning 
i n  which t h e  range  o f  u s e s  p e r m i t t e d  under a  g i v e n  zoning i s  
reduced.  Another i s  toward development c o n t r o l .  Unl ike  zoning 
which p e r m i t s  a  new land-use  anywhere t h a t  t h e  zoning requ i rement  
i s  m e t ,  development c o n t r o l  t o o l s  u s u a l l y  a l l o w  t h e  p l anne r  t o  
d i c t a t e  a  unique l o c a t i o n  where a  new land-use  i s  t o  be  pe rmi t -  
t e d .  The f i n a l  d i r e c t i o n  i s  toward complete  c e n t r a l i z e d  p lann ing  
i n  which t h e  p l an n e r  c a n  d i c t a t e  when and where land-uses  a r e  
t o  be developed.  
Thus, t o  encourage  an  op t ima l  development p l a n ,  t h e  p l a n n e r s  
i n  d i f f e r e n t  s o c i e t i e s  may have d i f f e r e n t  t o o l s .  I n  a l l  b u t  t h e  
c e n t r a l  p lann ing  c a s e ,  however, t h e  p l anne r  canno t  e x p l i c i t l y  
d i c t a t e  t h e  l o c a t i o n ,  t i m i n g ,  and mix of development.  H e  must 
l6Under p e r m i s s i v e  zoning,  a l l  p o s s i b l e  l a n d  u s e s  a r e  ranked 
on some b a s i s  from l e a s t  obnoxious ( u s u a l l y  pa rk l and )  t o  most 
obnoxious ( u s u a l l y  heavy i n d u s t r y )  and each  zone o f  a  r e g i o n  i s  
d e s i g n a t e d  by t h e  most obnoxious u s e  p e r m i t t e d  t h e r e .  Thus a  
zoning of  ' r e g i o n a l  commercial u s e '  would a l s o  pe rmi t  less obnox- 
i o u s  u s e s  such a s  p a r k l and ,  chu rches ,  r e s i d e n t i a l  u s e s  a t  s e v e r a l  
d e n s i t i e s ,  and l o c a l  shopping f o r  example. 
r e l y  on h i s  zon ing ,  development c o n t r o l s ,  and i n f r a s t r u c t u r e  
p lann ing  t o o l s  t o  h e l p  conv ince  i n d u s t r i e s  and households  t o  
l o c a t e  a p p r o p r i a t e l y .  F u r t h e r ,  he may f i n d  t h a t  h e  h a s  s e v e r a l  
d i f f e r e n t  combinat ions  of  t o o l s  which might  be  used t o  a t t a c k  a 
p a r t i c u l a r  problem. How can he  d e c i d e  which combinat ion  i s  
most e f f i c i e n t  i n  a n  economic o r  p o l i t i c a l  s e n s e ?  Such a  
q u e s t i o n  i s  beyond t h e  scope  of t h e  d e s i g n  models c o n s i d e r e d  
i n  t h i s  p a p e r .  C u r r e n t l y - a v a i l a b l e  d e s i g n  models  a r e  most 
a p p r o p r i a t e  i n  c e n t r a l l y - p l a n n e d  economies because  o f  t h e i r  
a b s t r a c t  f o r m u l a t i o n .  The whole i s s u e  of  r e c o n c i l i n g  t o o l s  
and p l a n s  i n  a  n o n - c e n t r a l l y  c o n t r o l l e d  economy i s  a  r e l a t i v e l y  
untouched a r e a  of a n a l y t i c a l  r e s e a r c h .  
3.  OPTIMAL LAND-USE MODELS 
A s y s t e m a t i c  r ev iew o f  some b a s i c  d e s i g n  models i s  under-  
t a k e n  i n  t h i s  s e c t i o n .  The models a r e  a r r a n g e d  i n  o r d e r  of 
complexi ty  t o  show how t h e y  have developed o v e r  t i m e .  I n  each 
c a s e ,  t h e  p r i m a l  and,  g e n e r a l l y ,  t h e  d u a l  model a r e  p r e s e n t e d .  
The s t r u c t u r e  of  t h e  d e s i g n  model i s  d i s c u s s e d  and r e l a t e d  t o  
t h e  major  i s s u e s  r a i s e d  i n  S e c t i o n  1 .  
3.1 The S c h l a a e r  Land-Use Model 
One o f  t h e  e a r l i e s t  g r o s s - s c a l e  d e s i g n  models i s  t h a t  of  
S c h l a g e r  ( 1 9 6 5 ) .  L e t  u s  beg in  c o n s i d e r a t i o n  of  t h i s  model by 
n o t i n g  h i s  d e f i n i t i o n  of  a  land-use  a l l o c a t i o n ,  x . Subse- 
az  
q u e n t l y ,  h i s  c o n s t r a i n t s  and o b j e c t i v e  f u n c t i o n  a r e  i n t r o d u c e d .  
F i n a l l y ,  t h e  d u a l  t o  h i s  problem i s  p r e s e n t e d  and i n t e r p r e t e d .  
The a l l o c a t i o n  of  an  amount of l a n d ,  x,,, t o  u s e  ' a '  i n  
zone ' z '  of  a  r e g i o n  i s  a  g r o s s  c o n c e p t .  I t  i n c l u d e d  a l l o c a -  
t i o n s  t o  complementary u s e s .  For  example, t h e  a l l o c a t i o n  f o r  
r e s i d e n t i a l  l a n d  i n c l u d e s  t h e  l a n d  r e q u i r e d  f o r  streets ,  neigh- 
bourhood shopping,  s c h o o l s ,  and l o c a l  p a r k s .  Thus land-use  a c t -  
i v i t i e s  a r e  broadly-def  i n e d  c l a s s e s  i n  t h i s  model1 7 .  F u r t h e r ,  
t h e  a l l o c a t i o n  of l a n d  t o  t r a n s p o r t a t i o n  i s  n o t  de te rmined  
endogenously i n  t h e  model. 
I I I n  f a c t ,  S c h l a g e r  d e s c r i b e s  o n l y  e i g h t  land-use  a c t i v i t i e s  
i n  h i s  Waukesha (Wisc.) s t u d y  o f  which f i v e  r e p r e s e n t  r e s i d e n t i a l  
u s e s  a t  d i f f e r e n t  d e n s i t i e s .  
I n  each  zone ' z '  t h e r e  i s  a n  amount of  d e v e l o p a b l e  l a n d ,  
SZ .  T h i s  amount i s  n e t  o f  t h e  p a r t s  of t h e  zone which a r e  un- 
s u i t a b l e  f o r  development because  o f  s l o p e  c o n d i t i o n s ,  s o i l  t y p e ,  
and d r a i n a g e  p a t t e r n s .  Thus t h e  t o t a l  amount o f  l a n d  a l l o c a t e d  
t o  a l l  u s e s  must be  less t h a n  o r  e q u a l  t o  t h i s  amount. 
A second set  o f  c o n s t r a i n t s  a r e  posed by p l a n n i n g  d e s i g n  
s t a n d a r d s .  S c h l a g e r  a r g u e s  t h a t  p l a n n i n g  s t a n d a r d s  may be 
r e p r e s e n t e d  a s  minimum o r  maximum c o n s t r a i n t s  on t h e  r a t i o  of 
any p a i r  of  l a n d  u s e s  i n  t h e  same o r  d i f f e r e n t  zones.  Thus, 
w e  might  have 
where 
i s  assumed f o r  c o n s i s t e n c y .  
I n  t h e  above,  R r e p r e s e n t s  a  minimum c o n s t r a i n t  on t h e  r a t i o  o f  
x t o  x 
a z  by ' Such d o n s t r a i n t s  need ( o r  may) n o t  be  d e f i n e d  f o r  
a l l  combina t ions  of zone and l a n d  u s e  p a i r i n g s .  I n  t h e s e  c a s e s ,  
R might  be t h o u g h t  t o  t a k e  on a  z e r o  v a l u e .  
The t h i r d  and f i n a l  se t  of  c o n s t r a i n t s  r e l a t e  t o  t h e  demand 
f o r  l a n d  by each a c t i v i t y .  S c h l a g e r  assumes t h a t  t h e  a g g r e g a t e  
18 
l e v e l  o r  demand f o r  l a n d ,  Da,  by each a c t i v i t y  ' a '  i s  known . 
18sch lager  d i s c u s s e s  t h e  u s e  o f  a  r e g i o n a l  economic simu- 
l a t i o n  model t o  f o r e c a s t  t h e s e  v a l u e s .  
There i s  t h u s  a  c o n s t r a i n t  on t h e  minimum amount o f  l and  which 
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can be a l l o c a t e d  t o  any u s e  ' a '  t h roughout  t h e  r eg ion  . 
F i n a l l y ,  Sch l age r  assumes a  cos t -minimizing w e l f a r e  func- 
t i o n .  H e  d e f i n e s  caz t o  be  t h e  c o s t  of  e s t a b l i s h i n g  one  a r e a  
u n i t  o f  land-use ' a '  i n  zone ' 2 ' .  This  i n c l u d e s  t h e  c o s t  of raw 
l a n d ,  t h e  c o s t  of  s e r v i c i n g  t h e  l and  w i th  p u b l i c  i n f r a s t r u c t u r e ,  
and t h e  c o s t  of  b u i l d i n g  c o n s t r u c t i o n  t o  house t h e  a c t i v i t y .  
I n  a  market  economy, t h i s  c o s t  t h u s  i n c l u d e s  p r i v a t e  and p u b l i c  
development expenses .  
The u n i t  c o s t ,  caZ, i s  assumed t o  be  f i x e d  and i n v a r i a n t  
w i t h  r e s p e c t  t o  t h e  l and  u s e  p a t t e r n  i t s e l f .  Three o b s e r v a t i o n s  
may b e  made on t h i s .  F i r s t ,  i n  a  f i n e - s c a l e  d e s i g n  model, caz 
would n o t  u s u a l l y  be f i x e d .  A s  noted e a r l i e r ,  t h e  c o s t  of phy- 
s i c a l  i n f r a s t r u c t u r e  such a s  wa t e r ,  sewer, and power sys tems 
t e n d s  t o  be  s e n s i t i v e  t o  t h e  p a r t i c u l a r  s p a t i a l  arrangement o f  
a c t i v i t i e s .  Secondly,  caz does  n o t  measure t h e  whole s o c i a l  
c o s t  of  development s i n c e  it i g n o r e s  t h e  c o s t s  imposed by 
e x t e r n a l i t i e s .  These a r e  a l s o  s e n s i t i v e  t o  t h e  p a r t i c u l a r  
land-use  p a t t e r n  s e l e c t e d .  Th i rd ly ,  any e f f e c t  on t h e  a g g r e g a t e  
l e v e l  of demand, Da,  by u se  ' a '  a r i s i n g  from t h e  c o s t s  of p u t t i n g  
it i n  d i f f e r e n t  zones i s  ignored .  However, land-uses  of t y p e  
' a '  may be ve ry  r e l u c t a n t  t o  e n t e r  t h e  development r e g i o n  a t  a l l  
i f  t h ey  a r e  r e s t r i c t e d  t o  zones i n  which t h e  development c o s t  
appea r s  t o  be  unreasonably  h igh .  
However, g iven  t h e s e  f i x e d  u n i t  development c o s t s ,  t h e  
Sch l age r  model w e l f a r e  f u n c t i o n  can naw be expressed  a s  a  
19sch l age r  u s e s  an  e q u a l i t y  c o n s t r a i n t  f o r  ( 4  .c) . However, 
p rov ided  t h a t  D , / D ~  i s  g r e a t e r  t han  !LEE f o r  any ' y '  and ' z '  , t h e  
op t ima l  s o l u t i o n s  i n  e i t h e r  c a s e  w i l l  be e q u i v a l e n t .  The p r e s e n t  
v e r s i o n  ha s  t h e  advan tage  o f  y i e l d i n g  a  more e a s i l y  i n t e r p r e t e d  
d u a l .  
l i n e a r  f u n c t i o n  of t h e  l a n d  u s e  a l l o c a t i o n s .  
A l i n e a r  programming problem i s  t h u s  formed i n  which ( 4 . d )  i s  
minimized s u b j e c t  t o  ( 4 .  a )  , ( 4  . b )  , ( 4 .  c )  and a  n o n - n e g a t i v i t y  
c o n s t r a i n t .  
T h i s  model l e a v e s  s e v e r a l  t h i n g s  u n s a i d  abou t  t h e  i s s u e s  r a i s e d  
i n  S e c t i o n  2 .  There  i s ,  f o r  i n s t a n c e ,  no e x p l i c i t  t r e a t m e n t  of 
t h e  t r a n s p o r t a t i o n  network a l t h o u g h  some accoun t  may b e  made of 
s p a t i a l  s e p a r a t i o n .  Given t h e  l o c a t i o n  of  major  p u b l i c  u t i l i t y  
f a c i l i t i e s  such a s  w a t e r ,  sewage, and power p l a n t s ,  t h e r e  may 
b e  s u b s t a n t i a l  s p a t i a l  p a t t e r n s  i m p l i c i t  i n  t h e  development 
c o s t  p a r a m e t e r s ,  c a z  . O t h e r  i s s u e s  ignored  i n  t h e  model a r e  
u n c e r t a i n t y  and dynamic o p t i m i z a t i o n .  The m o d e l ' s  s o l u t i o n  i s  
o n l y  o p t i m a l  i n  t h e  t i m e  f rame of  a  known long-run m a t u r e  s t a t e .  
F i n a l l y ,  t h e  model i g n o r e s  p r i v a t e  s e c t o r  behav iour  and p o l i c y  
t o o l s .  
The d u a l  s o l u t i o n  i s  d e r i v e d  most  t r a n s p a r e n t l y  by c o n s i d e r -  
i n g  f i r s t  a  s i m p l i f i e d  S c h l a g e r  model w i t h o u t  any p l a n n i n g  s t a n -  
d a r d s .  L e t  rZ be t h e  shadow p r i c e  of  l a n d  i n  zone ' z '  and l e t  
v  be  t h e  shadow p r i c e  f o r  a c t i v i t y  ' a ' .  Then, t h e  d u a l  t o  t h e  a  
problem o f  minimizing ( 4 . d )  s u b j e c t  t o  ( 4 . a ) ,  ( 4 . c ) ,  and ( 4 . e )  
i s  t h e  f o l l o w i n g .  
Z A 
minimize:  2 S z r z  - 2 Dava 
z=1 a =  1  
Sub jec t  t o :  r z  2 va - C az  
An i n t e r p r e t a t i o n  of  t h e  dua l  t o  t h i s  s i m p l i f i e d  model i s  
q u i t e  s t r a i g h t f o r w a r d .  The term va i s  t h e  marginal  c o s t  of 
accommodating t h e  l a s t  a r e a l  u n i t  of l and  use  ' a '  i n  t h e  reg ion .  
Thus va - caz  i s  t h e  marginal  r educ t ion  i n  development c o s t  i f  
t h e  l a s t  a r e a l  u n i t  of u se  ' a '  had been a l l o c a t e d  t o  zone ' z '  
i n s t e a d .  Now, it i s  noted t h a t ,  from ( 5 . c ) ,  rZ cannot  be neg- 
a t i v e  whi le ,  from ( 5 . a ) ,  it must be  a s  smal l  a s  p o s s i b l e .  
Therefore ,  it i s  now seen from (5.b)  t h a t  t h e  shadow p r i c e  of  
land i n  zone ' z ' ,  rZ ,  i s  zero u n l e s s  vZ > caz  f o r  some ' a ' .  Of 
cou r se ,  v Z  5 caz  f o r  any zone wi th  unused developable  land .  The 
express ion  v  - c  i s  p o s i t i v e  on ly  where t h e  c o n s t r a i n t  (4 . a )  
a  az  
i s  op t ima l ly  binding.  I n  t h a t  c a s e ,  r Z  i s  t h e  maximum t h a t  
t o t a l  development c o s t s  could be reduced by having one a d d i t i o n a l  
a r e a l  u n i t  of  l and  i n  zone ' 2 ' .  
The dua l  t o  t h e  f u l l  Schlager  model, i nc lud ing  ( 4 . b ) ,  can 
now be seen.  Each c o n s t r a i n t  o f  t h e  form (4 .b)  has  an asso-  
c i a t e d ,  non-negative shadow p r i c e  w:: whose i n d i c e s  correspond 
t o  t h e  c o n s t r a i n t  involv ing  a:;. By t h e  Complementary Slackness  
Theorem, w:: i s  ze ro  u n l e s s  t h e  a s s o c i a t e d  c o n s t r a i n t  i s  binding .  
The dua l  t o  t h e  f u l l  problem i s  i d e n t i c a l  t o  t h a t  f b r  t h e  s i m -  
2 0  p l i f i e d  problem except  t h a t  (5 .b)  i s  rep laced  by t h e  fol lowing . 
2 0 ~ o r m a l l y ,  a  non-negative cond i t i on  should a l s o  be added. 
zz 
where was = 0 
by d e f i n i t i o n .  The f i r s t  double  summation t e r m  i s  t h e  c o s t  
r e d u c t i o n  from p l a c i n g  t h e  marg ina l  u n i t  of  ' a '  i n  zone ' z '  
t h a t  a r i s e s  from a  b e t t e r  land-use  a l l o c a t i o n  t o  m e e t  t h e  
c o n s t r a i n t  ( 4 . b ) .  I n  o t h e r  words, by be ing  a b l e  t o  p l a c e  t h a t  
marg ina l  u n i t  of  ' a '  a t  ' z ' ,  some o t h e r  u n i t  o f  ' a '  p r e v i o u s l y  
p u t  a t  ' z '  mere ly  t o  s a t i s f y  (4 .b )  may be ' f r e e d  up '  t o  r e l o -  
c a t e  more e f f i c i e n t l y  e l sewhere .  The second doub l e  summation 
term i n  (5 .b )  ' r e p r e s e n t s  t h e  i nc r emen ta l  c o s t s  of r e l o c a t i n g  
o t h e r  land-uses  n e c e s s i t a t e d  v i a  ( 4 . b )  by t h e  p l a c i n g  of  t h a t  
marg ina l  u n i t  o f  ' a '  a t  ' z ' .  Thus, t h e  e n t i r e  r i gh t -hand  ex- 
p r e s s i o n  i n  ( 5 . b ) '  i s  t h e  n e t  c o s t  r e d u c t i o n  i n  l o c a t i n g  a  
marg ina l  a r e a l  u n i t  o f  ' a '  a t  ' z '  t a k i n g  i n t o  accoun t  t h e  c o s t s  
imposed by t h e  n e c e s s a r i l y  a l t e r e d  l o c a t i o n  of  o t h e r  u se s .  
The d u a l  t o  t h e  s imp le  Sch l age r  problem s u g g e s t s  t h e  equ i -  
v a l en c e  t h e r e  o f  c e n t r a l i z e d  and market  decis ion-making.  Sup- 
pose  t h a t ,  i n s t e a d  o f  a  S c h l a g e r - l i k e  c e n t r a l  p l a n n e r ,  w e  have 
a  p e r f e c t l y  c o m p e t i t i v e  l and  market  w i t h  many sma l l  l and  u s e r s  
o f  each of  t h e  A t ype s .  Suppose f u r t h e r  t h a t  each l and -use r  
makes a  b i d  f o r  eve ry  s i t e  i n  which he  i s  i n t e r e s t e d  and t h a t  
l and  i n  each zone i s  a l l o c a t e d  t o  t h e  h i g h e s t  b i d d e r .  Suppose 
f u r t h e r  t h a t ,  a s  a  r e s u l t  of  t h i s  market  p r o c e s s ,  Da u n i t s  of 
l a n d  i n  t h e  r e g i o n  a r e  a l l o c a t e d  t o  l and -use r s  of  t y p e  ' a ' .  
The b i d  r e n t  by u s e  ' a '  f o r  l a n d  i n  zone ' z '  i s  t h e  o p p o r t u n i t y  
c o s t  of  l o c a t i n g  a  marg ina l  u n i t  of  ' a '  anywhere i n  t h e  r e g i o n  
less t h e  c o s t  o f  l o c a t i n g  it i n  ' 2 ' .  T h i s  o p p o r t u n i t y  c o s t  i s  
v  and t h e  c o n d i t i o n  t h a t  l a n d  be a l l o c a t e d  t o  t h e  h i g h e s t  b id -  a  
d e r  i s  merely (5 .b )  Thus, t h e  shadow p r i c e  on l a n d  i n  t h e  s i m -  
p l e  S c h l age r  p l ann ing  model i s  merely  t h e  Recardian  r e n t  i n  a  
c o m p e t i t i v e  model. 
The equ iva l ence  o f  c e n t r a l i z e d  and market  decis ion-making 
i n  t h e  f u l l  Sch l age r  model i s  somewhat more d i f f i c u l t  t o  e s t a b -  
l i s h .  The problem a r i s e s  because  t h e  d e s i g n  s t a n d a r d s  impose 
e x t e r n a l i t i e s  th rough  l o c a t i o n a l  i n t e rdependenc i e s  among land-  
u s e r s  i n  t h e  c o m p e t i t i v e  market  analogy.  One way i n  which 
t h e s e  e x t e r n a l i t i e s  can  be  i n t e r n a l i z e d  i n  t h e  market  i s  th rough  
a system of transfer payments between land-users. In the simp- 
lest case, it is usually assumed that there are no bargaining 
or transactions costs in effecting this system of payments. 
Finally, assume that the legal onus is on each user to ensure 
2 1 that all design standards are met . 
The marginal user of type 'a' seeking to locate in 'z' must 
now take account of two new elements in deciding his bid offer. 
First, he must induce whatever other new land-uses are required 
by (4.b) to locate appropriately. The opportunity cost to these 
A Z 
other users is L:: <: , which would have to be borne by 
b=l y=l 
him. Secondly, his locational decision may benefit other users 
by helping them to satisfy their design standards requirements. 
If so, he can, in principle, extract from them a transfer pay- 
ment equal to the opportunity cost of satisfying their require- 
A Z 
z Y ments which is x 2 wab . Thus, the bid rent of a marginal 
b=l y=l 
user of type a at z is adjusted by the difference between these 
NOW, it can be seen that (5.b) is merely the generalization of 
(6) when the market rent for land is equal to the highest bid 
by any use. Thus, a competitive market solution generates no 
"~ote the well-known hypothesis of Coase (1958) on the 
irrelevance of liability assignment for market resource allo- 
cation. 
market  m i s - a l l o c a t i o n  b u t  o n l y  when a  p e r f e c t  sys tem o f  t r a n s f e r  
22 payments e x i s t s  . 
3.2 The T r a n s p o r t a t i o n  Model 
A major cr i t ic i sm o f  t h e  S c h l a g e r  model i s  t h a t  it i g n o r e s  
t h e  b e h a v i o u r a l  a c t i v i t y  p a t t e r n s  c r e a t e d  by a  g i v e n  l and-use  
p l a n .  S e v e r a l  models have been developed t o  c o n s i d e r ,  i n  p a r -  
t i c u l a r ,  t h e  t r a n s p o r t a t i o n  f lows  and c o s t s  g e n e r a t e d  by a  
l and-use  p a t t e r n .  I n  f a c t ,  t h e  T r a n s p o r t a t i o n  L i n e a r  Program 
c o n s i d e r e d  i n  t h i s  S e c t i o n  emphasizes o n l y  t h e  t r a n s p o r t a t i o n  
c o s t  a s p e c t  o f  development .  Subsequent  models a t t e m p t  t o  i n t e -  
g r a t e  t r a n s p o r t a t i o n  and o t h e r  development  c o s t s .  
The  rans sport at ion Model c a n  be  viewed a t  two d i f f e r e n t  
l e v e l s 2 3 .  A t  one l e v e l ,  it can  be  viewed a s  a  problem i n  
c e n t r a l i z e d  p l a n n i n g .  Suppose t h a t  c o n d i t i o n s  on t h e  s p a t i a l  
a r r a y s  o f  p r o d u c t i o n  and demand p o i n t s  f o r  a  commodity, t h e  
supp ly  c a p a c i t y  o r  demand requ i rement  a t  each p o i n t ,  t h e  u n i t  
p r o d u c t i o n  c o s t  a t  e a c h  supp ly  p o i n t ,  and t h e  c o s t  o f  sh ipment  
from each supp ly  t o  each  demand p o i n t  a r e  g i v e n .  The m o d e l ' s  
s o l u t i o n  i n d i c a t e s  t h e  minimum c o s t  o f  producing and s h i p p i n g  
t h e  commodity under  t h e s e  c o n d i t i o n s .  I n  a  c e n t r a l i z e d  economy, 
t h e  model c a n  t h u s  be  used t o  d i r e c t  t h e  p r o d u c t i o n  l e v e l  and 
o u t p u t  ass ignment  of  e a c h  f a c t o r y  o r  p r o d u c t i o n  p o i n t .  I n  a  
-- -- 
2 2 ~ t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  on t h e  e f f i c i e n c y  o f  de-  
s i g n  s t a n d a r d s .  A common reason  f o r  imposing t h e s e  s t a n d a r d s  
i s  t o  r e f l e c t  t h e  e x t e r n a l  c o s t s  o r  b e n e f i t s  c r e a t e d  by l and-  
u s e  a t  a  g i v e n  s i t e .  Suppose t h a t  eab i s  t h e  measurab le  e x t e r -  
n a l  c o s t  on u s e  b  o f  t h e  a d j a c e n t  l o c a t i o n  of a  u n i t  o f  u s e  ' a ' .  
T h i s  c o u l d  be  compared w i t h  each  WE: !LYZ . Suppose t h i s  sha-  ba 
dow p r i c e  p r o d u c t  i s  g r e a t e r  t h a n  ea f o r  some a d j a c e n t  zones 
' y '  and ' z '  . I t  i n d i c a t e s  t h a t  t h e  $evelopment c o s t  s a v i n g s  
by m a r g i n a l l y  s l a c k e n i n g  t h e  c o n s t r a i n t  f o r  t h a t  p a i r  of zones 
i s  g r e a t e r  t h a n  t h e  i n c r e a s e  i n  e x t e r n a l i t y  c o s t s .  Thus, i n f o r -  
mat ion  on t h e  a c t u a l  e x t e r n a l i t y  c o s t s  c a n  be  used i t e r a t i v e l y  
i n  c o n j u n c t i o n  w i t h  t h e  d e s i g n  s t a n d a r d  shadow p r i c e s  t o  modify 
t h e  n a t u r e  of  t h e  s t a n d a r d s  themse lves .  
2 3 ~ h i s  i s  t h e  common L i n e a r  Programming, o f t e n  a t t r i b u t e d  
t o  Koopmans, a s  d e s c r i b e d ,  f o r  i n s t a n c e ,  i n  S c o t t  (1971, pp. 
60-62).  
l e s s  c e n t r a l i z e d  economy t h e  model can  be  viewed a t  a n o t h e r  
l e v e l  a s  a  p r e d i c t i o n  of  t h e  o u t p u t s  and t r a n s p o r t a t i o n  f l o w s  
which would o c c u r  i n  a  c o m p e t i t i v e  economy. I n  t h i s  l a t t e r  
view, t h e  T r a n s p o r t a t i o n  Model s i m u l a t e s  one  b e h a v i o u r a l  re- 
sponse  of l and-uses  t o  a  g iven  l o c a t i o n a l  p a t t e r n ;  t h e  r e s u l t i n g  
t r a n s p o r t a t i o n  f lows .  
L e t  us  now d e f i n e  t h e  T r a n s p o r t a t i o n  Model more s p e c i f i c a l l y .  
For  s i m p l i c i t y ,  assume t h a t  o n l y  one commodity i s  produced i n  t h e  
r e g i o n .  The model i s  e a s i l y  extended t o  m u l t i p l e  commodit ies .  
Let x i j  be t h e  f l o w  o f  t h i s  commodity from s o u r c e  ' i f  t o  demand 
p o i n t  1 j 1 2 4 .  The s o u r c e  p o i n t  may, f o r  example, b e  a  f a c t o r y ,  a  
r e s i d e n t i a l  a r e a ,  a  warehouse,  o r  a  r a i l w a y .  The demand p o i n t  
may be a n o t h e r  f a c t o r y ,  a  s t o r e ,  a warehouse,  o r  a  s h i p p i n g  
f a c i l i t y .  Suppose, f u r t h e r ,  t h a t  a t  t h e  p o i n t  t h i s  commodity 
has  a  u n i t  f . 0 . b .  c o s t  of  c i  which i s  f i x e d .  Here, ci c o n s i s t s  
of  p r o d u c t i o n  and overhead c o s t s  i n c l u d i n g  s i t e ,  s t r u c t u r e ,  and 
i n f r a s t r u c t u r e  c h a r g e s .  I n  a d d i t i o n ,  t h e r e  a r e  f i x e d  u n i t  c o s t s  
of  s h i p p i n g  from ' i l  t o  ' j l  of  tij. I f  t h e r e  a r e  M demand p o i n t s  
and N supp ly  p o i n t s ,  t h e  t o t a l  c o s t  of  p roduc ing  and s h i p p i n g  t h e  
commodity w i t h i n  t h e  r e g i o n  i s  t h e  f o l l o w i n g  
Note t h a t  t h e  supp ly  and demand p o i n t s  must be  g i v e n  even though 
t h i s  i s  what t h e  p l a n n e r  s e e k s  t o  f i n d .  
The p l a n n e r  minimizes  n ,  a  s i n g l e - o b j e c t i v e  w e l f a r e  func-  
t i o n ,  s u b j e c t  t o  c e r t a i n  c o n s t r a i n t s .  One set  of  c o n s t r a i n t s  
a s s e r t s  t h a t  t h e  supp ly  c a p a c i t y ,  S i t  o f  s i t e  ' i l  n o t  be  exceeded.  
Another s e t  a s s e r t s  t h a t  t h e  exogenously-given demand r e q u i r e m e n t s ,  
D of  s i t e  ' j l  be met.  F i n a l l y ,  t h e  f l o w s  of  t h e  commodity a r e  j  
assumed t o  be non-negat ive  
2 4 ~  u b i q u i t o u s  s i n g l e  p r o d u c t  i s  presumed f o r  s i m p l i c i t y .  
The a n a l y s i s  i s  e a s i l y  extended t o  i n c l u d e  m u l t i p l e  commodity 
f lows .  
I n  d e l i n e a t i n g  t h i s  model, s e v e r a l  i s s u e s  have remained 
untouched. The l e v e l s  of  each a c t i v i t y ,  D a r e  assumed t o  be 
1' 
given  and a r e  n o t  gene ra t ed  w i t h i n  t h e  model. I n  a d d i t i o n ,  no 
z s p e c t  of  u n c e r t a i n t y  i s  cons idered .  There i s  no t r ea tmen t  of 
t h e  t r a n s p o r t a t i o n  network o t h e r  than  i t s  r e p r e s e n t a t i o n  a s  a  
f i x e d  c o s t ,  unl imi ted-f low system. Also,  t h e r e  i s  l i t t l e  t r e a t -  
ment of  t h e  p r i v a t e  s e c t o r  and none of p o l i c y  t o o l s .  The gen- 
e r a t i o n  of commodity f lows i n  t h i s  model can  be  viewed a t  one 
l e v e l  a s  a  behavioura l  a s p e c t  b u t  t h i s  i s  t h e  o n l y  s t e p  t aken  
i n  t h i s  d i r e c t i o n .  
The d u a l  t o  t h i s  problem has  an i n t e r e s t i n g  i n t e r p r e t a t i o n .  
Le t  ri be t h e  shadow p r i c e  on t h e  supply  c o n s t r i a n t s  and v  be  j 
t h e  shadow p r i c e  on t h e  demand c o n s t r a i n t s .  The d u a l  t a k e s  t h e  
fo l lowing  well-known form. 
Sub jec t  t o :  
This  dua l  sugges t s  t h a t  t h e  shadow p r i c e  on s i t e  ' j '  i s  t h e  l a r g e r  
of ze ro  o r  t h e  l a r g e s t  d i f f e r e n c e  between t h e  oppor tun i ty  c o s t  of 
supplying any s i t e  ' j '  wi th  a  marginal  u n i t  of t h e  commodity l e s s  
t h e  c o s t  of product ion and sh ipp ing  from ' i f  . Note t h a t  ri i s  t h e  
r e n t  on t h e  amount of c a p a c i t y  needed t o  produce one u n i t  of ou t -  
p u t  p e r  u n i t  of t ime.  This  can be t r a n s l a t e d  i n t o  a  r e n t  pe r  
u n i t  land a r e a  p e r  u n i t  t ime (comparable t o  t h e  r e n t s  i n  t h e  
Schlager  d u a l )  i f  t h e r e  i s  a wel l -def ined r e l a t i o n s h i p  between 
ou tpu t  capac i ty  and land i n p u t .  
A s  i n  t h e  c a s e  of t h e  simple Schlager  Model, t h e  Ricardian 
land r e n t s  emerging i n  a  compet i t ive  land market  correspond t o  
t h e  shadow p r i c e  on a produc t ion  p o i n t  i n  t h e  T ranspor t a t i on  
Model. I n  a  compet i t ive  market,  a  p o t e n t i a l  p r o f i t  of v  
- c i  j  
- tij i s  r e a l i z e d  i n  suppl ing  t h e  marginal  u n i t  of  t h e  commodity 
t o  ' j '  from ' i f  . Through compet i t ion f o r  land a t  s i t e  ' j ' ,  t h e  
r e n t  a t  t h a t  s i t e  w i l l  r i s e  t o  absorb  t h i s  p o t e n t i a l  p r o f i t .  
I f ,  f o r  i n s t a n c e ,  t h e  land  requirement f o r  p roduc t ion  i s  i n  a  
f i x e d  r a t i o  of ' R '  t o  t h e  per-per iod produc t ion  l e v e l ,  t h e  b id  
r e n t  p e r  u n i t  land a t  ' i '  w i l l  r i s e  t o  (v  - ci  - t . . ) / R .  The j  11 
market  r e n t  e s t a b l i s h e d  a t  s i t e  ' i '  w i l l  e i t h e r  be zero o r  t h e  
maximum v - c - j  i tij o f f e r e d  by s u p p l i e r s  t o  any p o i n t  ' j I .  
Thus, t h e r e  i s  no m i s a l l o c a t i o n  of l and  i n  a  compet i t ive  market 
model equ iva l en t  t o  t h e  T ranspor t a t i on  Model. 
There a r e  two ways i n  which t h e  T ranspor t a t i on  Model might 
be used i n  land-use p lanning .  The f i r s t  i s  i n  t h e  c a s e  where we 
begin wi th  an e f f e c t i v e l y  empty reg ion  t o  be developed. I n  t h i s  
c a s e ,  t h e  problem i s  t o  s y s t e m a t i c a l l y  vary t h e  Di and S terms 
a s  w e l l  a s  x i j  
j  
t o  minimize n .  A usua l  consequence of  such an 
ex tens ion  i s  t h a t  c o n s t r a i n t s  must be placed on t h e  amount 
of development a t  any s i t e  ' i '  o r  ' j ' .  A model based on t h e s e  
c o n s i d e r a t i o n s  i s  t h e  Koopmans-Beckman model which i s  d i scussed  
below. 
The second c a s e  i s  t o  assume t h a t  t h e  s tudy  r eg ion  has  some 
s u b s t a n t i a l  amount of  development a l r eady  and t h a t  t h e  p l a n n e r ' s  
t a s k  i s  t o  a l low f o r  increments  t o  t h i s  p a t t e r n .  I n  t h i s  c a s e ,  
t h e  model ( 7 ) ,  i t s  d u a l  (8), and s e n s i t i v i t y  a n a l y s i s  can be used 
t o  provide d i r e c t  answers. The shadow p r i c e s  on demand r e q u i r e -  
ments and supply c a p a c i t i e s ,  when t r a n s l a t e d  i n t o  r e n t s  p e r  u n i t  
l a n d  p r o v i d e  d i r e c t  i n d i c a t o r s  a s  t o  t h e  o p t i m a l  l o c a t i o n  of new 
supp ly  o r  demand f a c i l i t i e s .  H a r r i s  (1973) d e s c r i b e s  t h e  a p p l i -  
c a t i o n  of t h i s  approach t o  t h e  p r o j e c t i o n  of  r e g i o n a l  economic 
a c t i v i t i e s  i n  U.S. c o u n t i e s .  However, t h i s  approach  i s  e q u a l l y  
f e a s i b l e  f o r  t h e  s m a l l e r  zona l  a r e a s  u s u a l l y  conce ived  of  i n  a  
g r o s s - s c a l e  d e s i g n  model. 
The emphasis i n  t h i s  k ind  o f  model i s  on s e q u e n t i a l  o p t i m i -  
z a t i o n .  Development can  b e  t h o u g h t  t o  o c c u r  i n  a  set  o f  phases  
d u r i n g  each of which t h e  op t imized  i n c r e m e n t s  t o  t o t a l  l and-use  
a r e  s m a l l  r e l a t i v e  t o  t h e  l and-uses  a l r e a d y  i n  p l a c e .  There 
e x i s t s ,  of  c o u r s e ,  t h e  p o s s i b i l i t y  t h a t  t h i s  s e q u e n t i a l ,  i n c r e -  
m e n t a l l y  op t imized  s o l u t i o n  w i l l  b e  i n f e r i o r  t o  a  ma tu re  s t a t e  
o p t i m i z i n g  s o l u t i o n .  N e v e r t h e l e s s ,  t h i s  model can  b e  used i n  
a  c rude  way t o  d e v e l o p  a  dynamic sequence  o f  s t a t i c  s o l u t i o n s  
each of which a r e  o p t i m a l  i n  a  myopic s e n s e .  T h i s  is  one s t e p  
c l o s e r  t o  t h e  dynamic o p t i m i z a t i o n  s o l u t i o n  t h a n  t h e  e a r l i e r  
S c h l a g e r  model. 
3.3 The Koopmans-Beckmann Model 
Koopmans and Beckrnann (1957) have c o n s i d e r e d  a  d e s i g n  model 
i n  which t h e  p r o f i t a b i l i t y  of  a  development  p l a n  i s  maximized. 
The i n s t r u m e n t  v a r i a b l e  i n  t h e i r  model,  xki, i s  now t h e  a s s i g n -  
mentof a  p l a n t  of  t y p e  ' k t  t o  s i t e  ' i t  . T h i s  v a r i a b l e  t a k e s  on 
a  v a l u e  of  one i f  a n  ass ignment  i s  made and z e r o  i f  it i s  n o t .  
For  each  p o s s i b l e  a s s ignment  t h e r e  i s  a  "semi n e t  r evenue" ,  
C k i t  which i s  t h e  a n n u a l  g r o s s  r evenues  ea rned  a t  s i t e  ' i t  
e a r n e d  by ' k t  less t h e  annua l  c o s t  o f  pr imary  i n p u t s  ( u t i l i t i e s ,  
s t r u c t u r e s ,  equipment ,  and l a b o u r  f o r  example ) .  I n  a d d i t i o n  
i j 
each  f a c t o r y  ' k t  s h i p s  a  f i x e d  w e i g h t ,  x  , of i t s  o u t p u t  t o  
k s  
f a c t o r y  ' s t  a t  ' j ' 2 5 .  F u r t h e r ,  f o r  s i m p l i c i t y ,  it i s  assumed 
t h a t  a l l  of  a  f a c t o r y ' s  o u t p u t  i s  s o l d  t o  o t h e r  f a c t o r i e s .  The 
u n i t  we igh t  c o s t  o f  sh ipment  from s i t e  ' i t  t o  s i t e  ' j '  i s  tij .  
Thus, t h e  a g g r e g a t e  p r o f i t a b i l i t y  of  a n  ass ignment  o f  f a c t o r i e s  
t o  s i tes  i s  t h e  a g g r e g a t e d  semi-net  revenue less t h e  a g g r e g a t e d  
t r a n s p o r t  f lows .  
2 5 ~ t  i s  assumed t h a t  t h e r e  a r e  Z s i tes  and p l a n t s .  
z z z z z z  i j  
' = . CkiXki - . ,C t i j  Xks 
k=l 1=1 k=l s = l  1=1 ]= I  
I n  t h e  Koopmans-Beckrnann Model, t h i s  agg rega t e  p r o f i t a b i l i t y  
i s  t h e  o n l y  o b j e c t i v e  i n  t h e  w e l f a r e  f u n c t i o n .  I t  i s  maximized 
s u b j e c t  t o  c e r t a i n  c o n s t r a i n t s  of which t h e  f i r s t  i s  t h a t  f o r  
each s i t e  ' i l  and any p a i r  of  f a c t o r i e s  ' k l  and I s 1 ,  a  p h y s i c a l  
t r a d e  ba l ance  must hold .  I f  nks i s  t h e  r e q u i r e d  we igh t  f low of 
o u t p u t  from p l a n t  ' k '  t o  p l a n t  I s ' ,  t h i s  r e q u i r e s  
T h i s  c o n d i t i o n  a s s e r t s  t h a t  t h e  amount of ' k '  consumed by I s 1  a t  
I i I 
("ksxsi  ) must be equa l  t o  t h e  amount of  ' k l  produced a t  ' i l  
and d e s t i n e d  f o r  I s 1  (n  x  . )  p l u s  t h e  d i f f e r e n c e  between t h e  k s  k l  I 
z z 
i n £  low of ' k l  d e s t i n e d  f o r  I s 1  ( L: x  and t h e  ou t£  low ( 
xi!) . j = 1  j=l 
The o t h e r  c o n d i t i o n s  a s s e r t  t h a t  one f a c t o r y  of e ach  t y p e  is  
placed  w i t h i n  t h e  r e g i o n ,  t h a t  one  p l a n t  be a l l o c a t e d  t o  a  s i t e ,  
t h a t  xki be  a  non-negat ive  i n t e g e r ,  and t h a t  t h e r e  be no i n t r a -  
s i t e  f lows.  
S e v e r a l  comments a r e  i n  o r d e r  on t h i s  model. Koopmans and 
Bechmann d i d  n o t  c r e a t e  t h i s  model f o r  d e s i g n  purposes .  Ra the r ,  
t h e y  sough t  t o  a s s e r t  t h e  p r i n c i p l e  t h a t  a  marke t  economy c o u l d  
n o t  s u s t a i n  a n  o p t i m a l  a l l o c a t i o n  of f a c t o r i e s  t o  s i tes  because  
of  t h e  e x t e r n a l i t y  e f f e c t s  c r e a t e d  by i n t e r m e d i a t e  good f l o w s  
between p l a n t s .  T h i s  i s s u e  i s  c o n s i d e r e d  below. The model t h e y  
u s e  is  t h e r e f o r e  q u i t e  a b s t r a c t  and unwieldy.  R e s i d e n t i a l  l and-  
u s e ,  f o r  i n s t a n c e ,  i s  v e r y  d i f f i c u l t  t o  hand le  i n  t h i s  model 
u n l e s s  one  t r e a t s  it a s  a n  a c t i v i t y  t o  b e  a l l o c a t e d  t o  one s i t e  
only .  A s  i n  t h e  e a r l i e r  models,  any n o t i o n  of p o l i c y  t o o l s  i s  
ignored .  F u r t h e r ,  l i k e  t h e  e a r l i e r  T r a n s p o r t a t i o n  Model, t h e  
p r e s e n t  one  i g n o r e s  a l l  a s p e c t s  o f  t h e  t r a n s p o r t a t i o n  network 
e x c e p t  t h e  sh ipment  c o s t s .  Also ,  it i g n o r e s  a l l  k i n d s  o f  l o -  
c a t i o n a l  i n t e r d e p e n d e n c i e s  o t h e r  t h a n  commodity f l o w s  even t o  
t h e  e x t e n t  of  c o m p l e t e l y  i g n o r i n g  r e s i d e n t i a l  l o c a t i o n  and job  
commuting. F i n a l l y ,  a s  i n  t h e  S c h l a g e r  Model, t h e  p r e s e n t  one  
o p t i m i z e s  o n l y  f o r  a  known mature  s t a t e  and i g n o r e s  b o t h  dynamic 
i s s u e s  and u n c e r t a i n t y .  
I n  p r i n c i p l e ,  t h i s  model l o o k s  promis ing  a s  a  s t a r t i n g  p o i n t  
f o r  new d e s i g n  models .  I ts  emphasis  on p r o f i t a b i l i t y  maximi- 
z a t i o n  i n s t e a d  of  c o s t  min imiza t ion  s u g g e s t s  t h a t  one  c a n  i n t r o -  
duce  t h e  e f f e c t  of d e s i g n  on t h e  l e v e l  a s  w e l l  a s  t h e  l a y o u t  o f  
l and-use  w i t h i n  t h e  r e g i o n .  To u n d e r t a k e  t h i s ,  it i s  n e c e s s a r y  
t o  r e l e a s e  t h e  c o n s t r a i n t  ( 9 . c )  t h a t  a l l  p l a n t s  be l o c a t e d  i n  
t h e  r e g i o n .  F u r t h e r ,  it i s  n e c e s s a r y  t o  s p e c i f y  impor t  p o i n t s  
and c o s t s  s o  t h a t  e a c h  p l a n t  can  have a  c h o i c e  between purchas-  
i n g  from i n s i d e  o r  o u t s i d e  t h e  r e g i o n 2 6 .  With t h e s e  amendments, 
it shou ld  be p o s s i b l e  t o  c o n s t r u c t  a  d e s i g n  model i n  which t h e  
l e v e l  and l a y o u t  o f  e a c h  land-use  i s  endogenously de te rmined .  
It  i s  p o s s i b l e  t o  g e n e r a t e  a  d u a l  program t o  t h i s  problem. 
I f  w e  d e l e t e  t h e  i n t e g e r  c o n s t r a i n t  ( 9 . f . )  and t r e a t  t h e  remain- 
i n g  c o n s t r a i n t s  a s  s u i t a b l y - d e f i n e d  i n e q u a l i t i e s ,  t h e  d u a l  i s  27 
'%ijkamp (1972) , e s p e c i a l l y  Chap te r  3 ,  d i s c u s s e s  some non- 
s p a t i a l  models of  i n d u s t r i a l  complexes which emphasize t h e  i n -  
c l u s i o n  o r  e x c l u s i o n  of  p l a n t s .  These emphasize t h e  p r i c e  d i f -  
f e r e n c e  between i n t e r m e d i a t e  goods produced o u t s i d e  and i n s i d e  
t h e  complex. 
2 7 ~ e f f l e y  (1972,  pp. 1158-1161).  
Minimize: v i +  r j  
i = l  j=1 
S u b j e c t  t o :  
where ri i s  t h e  shadow p r i c e  on s i t e  ' i l , v  i s  t h e  m a r g i n a l  k  
p r o f i t a b i l i t y  of  p l a n t  ' k ' ,  and u i s  i s  t h e  o p p o r t u n i t y  c o s t  of 
supp ly ing  p l a n t  k l s  o u t p u t  t o  p l a n t  ' s f  a t  s i t e  ' i l  . C o n d i t i o n  
(1  O.b) a . s s e r t s  t h a t  t h e  d i f f e r e n c e  i n  t h i s  l a t t e r  shadow p r i c e  
between two l o c a t i o n s  can  n o t  exceed t h e  c o s t  o f  sh ipment .  The 
v a l u e  o f  s i t e  ' i t  t o  p l a n t  ' k '  i s  t h e  s e m i  n e t  r evenue  (cki) a t  
s i t e  ' i '  less i t s  b e s t  a l t e r n a t i v e  m a r g i n a l  p r o f i t a b i l i t y  (vk)  
p l u s  t h e  m a r g i n a l  o p p o r t u n i t y  c o s t  s a v i n g s  i n  s u p p l y i n g  o t h e r  
A i p l a n t s  from ' i t  ( x  NksUks) less t h e  m a r g i n a l  o p p o r t u n i t y  c o s t  
s=1 - 
A i increment  i n  s u p p l y i n g  p l a n t  ' k 1  a t  ' i '  ( Z) NskUsk) . Thus, t h e  
s=1 
d u a l  i n d i c a t e s  t h a t  t h e  shadow p r i c e  on s i t e  ' i l  i s  merely  t h e  
h i g h e s t  v a l u e  p l a c e d  on it by any p l a n t  o r  z e r o  ( i f  a l l  t h e  
p l a n t  v a l u a t i o n s  a r e  n o n - p o s i t i v e ) .  
Does t h i s  d u a l  s u g g e s t  a n y t h i n g  a b o u t  t h e  e q u i v a l e n c e  of 
c e n t r a l i z e d  and market  l a n d  a l l o c a t i o n s ?  T h i s  h a s  become a  con- 
f u s e d  p o i n t  i n  t h e  l i t e r a t u r e  because  t h e r e  a r e  r e a l l y  two ques-  
t i o n s .  F i r s t ,  d o e s  t h e  p lann ing  model d u a l  b e a r  a  s i m i l a r i t y  t o  
market  d e c i s i o n  behav iour?  Secondly ,  d o e s  t h e  d u a l  i n  (10)  i n  
f a c t  co r respond  t o  t h e  p r i m a l  problem ( 9 ) ?  
A t  f i r s t  g l a n c e ,  t h e  answer t o  t h e  f i r s t  q u e s t i o n  would seem 
t o  be  a f f i r m a t i v e .  The shadow p r i c e  o f  a  s i t e  i n  (1O.c) i s  v e r y  
s i m i l a r  t o  c o n d i t i o n s  found e a r l i e r  i n  t h e  S c h l a g e r  and Transpor-  
t a t i o n  models.  The d i f f i c u l t y  h e r e  i n  c a r r y i n g  th rough  t h e  
analogy t o  t h e  e q u i v a l e n c e  of  market  behav iour  l i e s  i n  t h e  d e f i -  
n i t i o n  o f  t h e  problem. I n  t h e  p r e s e n t  c a s e ,  t h e r e  i s  o n l y  one 
p l a n t  o f  each t y p e .  Unless  t h e r e  i s  a  v e r y  l a r g e  number o f  p l a n t s ,  
t h e r e  i s  no reason  t o  e x p e c t  c o m p e t i t i v e  behav iour  i n  t h e  l a n d  
market .  F u r t h e r ,  t h e  maximum b i d  f o r  a  s i t e  need n e v e r  b e  ri a s  
d e f i n e d  i n  ( 10 . c )  . The p l a n t  occupying t h e  s i t e  need b i d  o n l y  
m a r g i n a l l y  more t h a n  t h e  n e x t  h i g h e s t  o f f e r  by a n o t h e r  p l a n t .  
Thus, a l t h o u g h  t h e  r e n t  b i d  f o r  s i t e  ' i t  w i l l  n o t  exceed ri, it 
may be somewhat less. Thus, because  o f  t h e  incongruence  between 
t h e  d e f i n i t i o n  of  t h e  Koopmans-Beckmann problem and t h e  n o t i o n  
o f  p e r f e c t  c o m p e t i t i o n ,  it may n o t  b e  p o s s i b l e  t o  t h i n k  o f  a  
c o m p e t i t i v e  market  ana logy .  
Koompans and Beckmann avo id  t h i s  f i r s t  q u e s t i o n  by 
. . .  
r e - p h r a s i n g  it t o  a s k  i f  t h e  p l a n n i n g  model s o l u t i o n  i s  p r i c e  
s u s t a i n a b l e .  They a s k  i f  t h e r e  e x i s t s  a  se t  of  l a n d  p r i c e s ,  one  
p r i c e  p e r  s i t e ,  which would induce  each  p l a n t  t o  remain a t  i t s  
o p t i m a l  l o c a t i o n .  T h i s  a v o i d s  t h e  q u e s t i o n  o f  whether  a  mar- 
k e t  a l l o c a t i o n  p r o c e s s  c o u l d  f i n d  t h a t  se t  o f  p r i c e s .  By re- 
p h r a s i n g  t h e  f i r s t  q u e s t i o n  i n  t h i s  way however, t h e  znswer t o  it 
becomes less meaningful  f o r  o u r  purposes .  
The second q u e s t i o n  i s  t h e  one which h a s  dominated t h e  lit- 
e r a t u r e  on t h i s  model. There  h a s  been no s a t i s f a c t o r y  answer t o  
t h i s  q u e s t i o n  y e t .  Koopmans and Beckmann used a  v e r y  roundabout  
and somewhat weak argument  t o  conc lude  n o t  o n l y  t h a t  t h e  d u a l  (10)  
d o e s  n o t  c o r r e s p o n d  t o  t h e  p r i m a l  ( 9 )  , when t h i s  i n c l u d e s  
i n t e g e r  c o n s t r a i n t  ( 9 . f )  , b u t  a l s o  t h a t  t h i s  i m p l i e s  t h a t  o p t i m a l  
l o c a t i o n  s u s t a i n a b l e  l a n d  p r i c e s  do  n o t  e x i s t .  They 
beg in  by assuming t h a t  t h e  semi n e t  r evenues  f o r  p l a n t  ' k t  a t  a l l  
s i tes a r e  e q u i v a l e n t  
They a r g u e  t h a t  t h e  o n l y  s o l u t i o n  t o  t h e  L i n e a r  Programming 
Problem ( 9 ) ,  o m i t t i n g  t h e  i n t e g e r  c o n s t r a i n t  ( 9 . f )  and 
i n c l u d i n g  ( 1 1 ) ,  i s  always  a  f r a c t i o n a l  ass ignment  of f a c t o r i e s  
t o  s i tes .  The d u a l  s o l u t i o n  (10)  , w i t h  i t s  analogy t o  l o c a t i o n -  
s u s t a i n i n g  r e n t s ,  d o e s  n o t  h o l d  f o r  an  i n t e g e r  s o l u t i o n  t o  t h e  
primal .  S ince  t h e  dua l  i s  i n v a l i d ,  they a s s e r t  t h a t  t h e  i n t e g e r  
primal has no dua l  c o n s t r a i n t s  wi th  op t imal  l o c a t i o n - s u s t a i n i n g  
2 8  land p r i c e s  . The b a s i s  f o r  t h i s  l a s t  a s s e r t i o n  remains unc l ea r .  
Two more r e c e n t  r e s e a r c h e r s  have at tempted t o  q u a l i f y  t h e s e  
conc lus ions .  Hef f ley  (1972) shows t h a t  a  necessary cond i t i on  f o r  
an i n t e g e r  s o l u t i o n  t o  ( 9 )  omi t t i ng  ( 9 . f )  i s  t h a t  t h e  semi-net 
revenues be s p a t i a l l y  v a r i a n t .  I n  o t h e r  words, assumption 
( 1 1 )  n e c e s s a r i l y  l e a d s  t o  f r a c t i o n a l  assignments and t h i s  can 
n o t  be gene ra l i zed  t o  t h e  c a s e  when ( 1 1 )  i s  dropped. Hartwick 
(1974) p r e s e n t s  some counter-examples t o  t h e  argument of Koopmans 
and Beckmann. He p r e s e n t s  some examples where, even given ( 1 1 ) ,  
an i n t e g e r  s o l u t i o n  may have loca t ion - sus t a in ing  land p r i c e s  a l -  
though t h e  l i n e a r  programming dua l  i s  no t  a p p l i c a b l e .  Both of 
t h e s e  r e s e a r c h e r s  f a i l  t o  s e t  o u t  t h e  gene ra l  cond i t i ons  under 
which an opt imal  i n t e g e r  s o l u t i o n  wi th  l oca t ion - sus t a in ing  land  
p r i c e s  e x i s t s .  However, t h e i r  examples sugges t  t h e  s e r i o u s n e s s  of 
t h e  f laws i n  t h e  Koopmans-Beckmann argument. 
3.4 The TOPAZ Model 
- -. - - -- . . - 
Another des ign  model which cons ide r s  t h e  t r a n s p o r t a t i o n  c o s t s  
a s soc i a t ed  wi th  a  land use  p a t t e r n  is t h e  TOPAZ bIodel2'. 
 his 
model, has been used f o r  both g r o s s  and f i n e  s c a l e  planning 
problems. An ex tens ion  of t h e  Schlager  Model it inc ludes  
a  behavioural  model of  t r a n s p o r t a t i o n  flows. The s imple  
Gravi ty  Model from t r a n s p o r t a t i o n  planning i s  used t o  e s t i m a t e  
t h e s e  f lows.  
The model has  a  we l f a re  func t ion  wi th  a  s i n g l e  o b j e c t i v e ;  
t o  minimize t h e  sum of development c o s t s  and t r a n s p o r t a t i o n  c o s t s .  
A Z 
Minimize : 
" *=  &, & 'azXaz ' 2 $, & & '%(~az + 'az) ("by ' (12) 
- 
". . .any s o l u t i o n  of t h e  q u a d r a t i c  assignment problem.. .being 
by d e f i n i t i o n  an i n t e g r a l  assignment i s  no t  a  s o l u t i o n  of t h e  l i n e a r  
problem ... hence does n o t  have a s s o c i a t e d  wi th  it a  p r i c e  system meet- 
i n g  t h e  cond i t i ons  (of t h e  d u a l  ( 1 0 ) ) .  Koopmans and Beckmann (1957, 
page 6 9 ) .  
2 9 T ! ~ ~ ~ ~  i s  an acronym f o r  "Technique f o r  t h e  Optimal Placement 
of A c t i v i t i e s  i n  Zones". 
Here, caz  i s  de f ined  a s  i n  t h e  Schlager  Model. The c o n s t a n t  
eaz  i s  t h e  e x i s t i n g  amount of land-use of type  ' a '  i n  zone ' z ' .  
z Y I t  c o n t r a s t s  wi th  t h e  amount t o  be added ( x a Z ) .  The term tab 
i s  a  composite c o n s t a n t  r e f l e c t i n g  t h e  e f f e c t  of  t h e  i n t e n s i t i e s  
of a c t i v i t y  ' a '  a t  ' z '  and 'b' a t  ' y '  on t h e  t r a n s p o r t a t i o n  c o s t  
z  Y of t h e  r e s u l t i n g  f low between them. A d e r i v a t i o n  of tab i s  
presen ted  i n  Appendix A. The c o n s t r a i n t s  i n  t h e  TOPAZ Model 
a r e  t h e  f a m i l i a r  ones  from t h e  simple Schlager  model. 
Severa l  a d d i t i o n a l  comments can be made wi th  regard  t o  t h e  
i s s u e s  r a i s e d  i n  t h i s  paper .  The model does  no t  make t h e  l e v e l  
of  a  land-use a c t i v i t y  endogenous t o  t h e  model. F u r t h e r ,  un- 
c e r t a i n t y  i s  n o t  cons idered  a t  a l l .  Also l i k e  e a r l i e r  models, 
it does n o t  t r e a t  t h e  t r a n s p o r t a t i o n  s e c t o r  e i t h e r  endogenously 
o r  i n  much d e t a i l .  Fu r the r  it ignores  l o c a t i o n a l  in te rdepen-  
denc ie s  o t h e r  than  t h o s e  c r e a t e d  by t r a n s p o r t a t i o n  f lows.  Per-  
haps more obviously  t han  wi th  t h e  Koopmans-Beckmann formula t ion ,  
t h e  p r e s e n t  model de te rmines  t r a n s p o r t a t i o n  f lows us ing  a  be- 
hav iou ra l  hypothes i s .  I t  t h u s  does  r e p r e s e n t  a  f i r s t  a t t empt  
t o  in t roduce  some of  t h e  behavioura l  consequences of a land-  
use  patte ' rn i n t o  t h e  des ign  problem. 
This  model s h a r e s  a  f e a t u r e  wi th  t h e  T ranspor t a t i on  Model i n  
t h a t  it may be used t o  a s s i g n  land-uses incrementa l ly  over t ime.  
S ince  t h e  model a l l ows ,  i n  eaz ,  f o r  an e x i s t i n g  s e t  of  land-uses ,  
Da and SZ r e p r e s e n t  t h e  new land-uses  t o  be  a l l o c a t e d  and t h e  
e x i s t i n g  undeveloped o r  redeve lopable  land  r e s p e c t i v e l y .  Thus, 
t h e  model can be used r e c u r s i v e l y  t o  a l l o c a t e  a  temporal  sequence 
of developments t o  t hen -ava i l ab l e  s i t e s .  A s  i n  t h e  T ranspor t a t i on  
Models, t h e s e  increments  must be s p e c i f i e d  exogenously. This  
model s h a r e s  a n o t h e r  f e a t u r e  i n  t h a t  i t s  o p t i m a l  a s s i g n m e n t s  are 
myopic:  it o p t i m i z e s  f o r  e a c h  t i m e  p e r i o d  i g n o r i n g  s u b s e q u e n t  
deve lopmen t .  
T h i s  i s  a lso  t h e  f i r s t  n o n l i n e a r  programming model c o n s i d e r e d .  
To s o l v e  it ,  o n e  c a n  n o t  r e l y  on t h e  S implex  A l g o r i t h m  w i t h  i t s  
o p t i m a l  s o l u t i o n  p r o p e r t i e s .  Dickey  and  N a j a f i  ' ( 1973)  p r e s e n t  a n  
e m p i r i c a l  a p p l i c a t i o n  o f  t h i s  model t o g e t h e r  w i t h  a n  a l g o r i t h m  t o  
s o l v e  it. T h e i r  a l g o r i t h m  w i l l  f i n d  a  l o c a l  o p t i m a l  p o i n t  b u t  d o e s  
n o t  n e c e s s a r i l y  f i n d  t h e  b e s t  s o l u t i o n .  I n  g e n e r a l ,  s u c h  a l g o r i t h m s  
r e q u i r e  a good i n i t i a l  g u e s s  a s  t o  t h e  s o l u t i o n .  
A d u a l  p rob lem t o  t h e  TOPAZ Model c a n  a lso  b e  found .  However, 
s i n c e  TOPAZ is  n o n l i n e a r ,  t h e  d u a l  i s  somewhat more d i f f i c u l t  t o  
work w i t h .  F o l l o w i n g  t h e  app roach  o f  B a l i n s k i  a n d  Baumol ( 1 9 6 8 ) ,  
t h e  d u a l  t o  ( 1 2 )  s u b j e c t  t o  (13 )  i s  t h e  f o l l o w i n g .  
Minimize:  
A Z A A Z Z  
- C .a' + C rzsz + C C C X (G xaz - '2 'a,] (xbY + %y) (14 . a )  
a= 3 z=1 a=l b=1 y=l z=1 
S u b j e c t  t o :  
A d i f f i c u l t y  w i t h  t h i s  d u a l  i s  t h a t  it r e q u i r e s  pre-knowledge o f  
t h e  s o l u t i o n  t o  t h e  p r i m a l .  C o n d i t i o n  (14 .b )  n e v e r t h e l e s s  c a n  
b e  i n t e r p r e t e d .  The f i n a l  d o u b l e  summation t e r m  i s  t h e  i n c r e a s e  
i n  t r a n s p o r t a t i o n  costs  on f l o w s  b o t h  i n t o  and o u t  o f  zone  ' z '  
w i t h  a m a r g i n a l  c h a n g e  t h e r e  i n  t h e  amount o f  l a n d  u s e  ' a ' .  T h i s  
t e r m  p l u s  ca, i s  t h u s  t h e  t o t a l  m a r g i n a l  c o s t  o f  so a l l o c a t i n g  
a  u n i t  o f  ' a ' .  Thus,  (14 .b)  asserts t h a t  t h e  shadow p r i c e  on 
l a n d  i s  a t  leas t  as l a r g e  a s  t h e  d i f f e r e n c e  between t h e  oppor tun -  
i t y  c o s t  o f  l o c a t i o n  f o r  a c t i v i t y  ' a '  and i t s  l o c a t i o n  i n  zone  ' z ' .  
Is t h e r e  a d i r e c t  a n a l o g y  w i t h  t h e  m a r k e t  a l l o c a t i o n  o f  l a n d ?  
A s  i n  t h e  case o f  t h e  f u l l  S c h l a g e r  model w i t h  i t s  d e s i g n  s t a n d a r d s  
c o n s t r a i n t s ,  t h e  a b i l i t y  of  a  c o m p e t i t i v e  system t o  r e p l i c a t e  
t h e  p l ann in g  s o l u t i o n ' s  shadow p r i c e  f o r  l a nd  depends on whether  
an  e x t e n s i v e  b u t  e f f i c i e n t  system of payments can  be  se t  up s o  
t h a t  one  l and  u s e  can  induce  a n o t h e r  t o  t a k e  i t s  t r a n s p o r t a t i o n  
c o s t  i n t e r e s t s  i n t o  accoun t .  I n  t h e  absence  o f  such a  sys tem,  
t h e r e  i s  no p o s s i b i l i t y  t h a t  an e q u i v a l e n t  market  p r i c e  f o r  
l and  cou ld  be e s t a b l i s h e d .  
3.5 The Ripper-Varaiya Model 
There h a s ,  i n  r e c e n t  y e a r s ,  emerged a  group of  d e s i g n  models 
o f  a  deg r ee  more complex t h a n  any o f  t h o s e  d i s c u s s e d  t o  t h i s  
p o i n t .  These have t h e  models of  M i l l s  (1972) , Ripper  and Varaiya  
(1974 ) ,  and Hartwick and Hartwick (1974 and 1975 ) .  S inc e  t h e s e  
a l l  a r e  v e r y  s i m i l a r ,  o n l y  t h e  Ripper-Varaiya model i s  c ons ide r ed  
h e r e .  
It i s  n o t  in tended  h e r e  t o  reproduce  t h e  f u l l  Ripper-Varaiya 
model because  of  i t s  i n t r i c a t e  s t r u c t u r e .  Ra the r ,  a  s k e t c h  i s  
made which i n d i c a t e s  t h e  new c o n t r i b u t i o n s  o f  t h e  model. It  i s  
f i r s t  n ece s s a r y  t o  d e f i n e  t h e  geography of  t h e  r e g i o n .  A uniform 
undeveloped p l a n e  i s  assumed on which i s  o v e r l a i d  a  s q u a r e  g r i d  
o f  zones of  a n  a r b i t r a r y  s i z e .  One zone, l a b e l l e d  ' 0 '  i s  p re -  
s e l e c t e d  a s  a  c e n t r a l  e x p o r t  zone f o r  t h e  c i t y  and might  i n c l u d e ,  
f o r  i n s t a n c e ,  a  r a i l  d ep o t .  A l l  o t h e r  zones a r e  i d e n t i f i e d  ac -  
co rd i ng  t o  t h e i r  manhat ten  d i s t a n c e  from 0 .  A s  shown below, a l l  
zones ' u '  u n i t s  d i s t a n c e  awiy from 0  a r e  l a b e l l e d  ' u '  and t h e r e  
a r e  4u o f  t h e s e  otherwise-homogeneous zones.  
For  any zone, x  ( u )  i s  t h e  p l a n n e r ' s  i n s t r u m e n t  v a r i a b l e .  
rs 
I t  r e p r e s e n t s  t h e  o u t p u t  l e v e l  of  i n d u s t r y  ' r '  a t  d i s t a n c e  ' u '  
u s i n g  a c t i v i t y  t echno logy  ' s ' .  There a r e  c  + d  + 1 i n d u s t r i e s ;  
' c '  c e n t r a l i z e d  i n d u s t r i e s  which c a n  l o c a t e  o n l y  a t  ' O ' ,  ' d l  de-  
c e n t r a l i z e d  i n d u s t r i e s  which can  l o c a t e  anywhere else,  and t h e  
housing s e r v i c e  i n d u s t r y  which can  a l s o  l o c a t e  anywhere where 
u  - > 1 .  The technology I s '  c a n  be  though t  of a s  t h e  number of  
s t o r i e s  i n  t h e  p l a n t  o r  hous ing t h u s  a l l o w i n g  t h e  p l a n n e r s  t o  
s p e c i f y  p r o d u c t i o n  t e c h n o l o g i e s  i n  a  th ree -d imens iona l  s e n s e .  
The p l a n n e r  c a n  s p e c i f y  exogenously two i m p o r t a n t  sets o f  
l i m i t s .  F i r s t ,  he  c a n  s p e c i f y  s ( r )  which is  t h e  maximum number 
of s t o r i e s  p e r m i t t e d  ( o r  economical ly  f e a s i b l e )  f o r  i n d u s t r y  
' r ' .  30 Secondly ,  he can  s p e c i f y  ; which i s  t h e  maximum o u t e r  
r a d i u s  p e r m i t t e d  f o r  t h e  c i t y .  The p l a n n e r  may, of  c o u r s e ,  set  
t h e s e  a r b i t r a r i l y  h i g h  t o  p e r m i t  u n c o n s t r a i n e d  s o l u t i o n s .  
A s  i n  e a r l i e r  models ,  t h e  p r e s e n t  one assumes t h a t  each 
i n d u s t r y  i n  t h e  r e g i o n  f a c e s  a n  exogenous minimum c o n d i t i o n .  
Here, however, it i s  n o t  t h e  l a n d  requ i rement  o f  each i n d u s t r y  
which i s  f i x e d  a s  i n  e a r l i e r  models ,  b u t  t h e  i n d u s t r y ' s  r e g i o n a l  
e x p o r t  l e v e l ,  D r .  The i n d u s t r y ' s  r e q u i r e d  o u t p u t  c a n  b e  s a t i s -  
f i e d  by two means. The f i rs t  is  th rough  r e g i o n a l  i m p o r t s ,  MI,  
whose i e v e l  i s  de te rmined  endogenously i n  t h e  model. The second 
i s  th rough  p r o d u c t i o n  w i t h i n  t h e  r e g i o n  i t s e l f .  Such p r o d u c t i o n  
p r o c e s s e s  a r e  assumed t o  u s e  f o u r  k i n d s  of  i n p u t s ;  i n t e r m e d i a t e  
goods purchased from t h e  c + d  c e n t r a l i z e d  and d e c e n t r a l i z e d  
i n d u s t r i e s ,  l a b o u r  ( R )  , l a n d  ( t)  , and c a p i t a l  ( m )  . 3  1 Let a v r  s 
b e  t h e  i n p u t  r equ i rement  from s e c t o r  v  r e q u i r e d  f o r  t h e  produc- 
t i o n  of one u n i t  of o u t p u t  i n  s e c t o r  ' r '  w i t h i n  a n  s - s t o r e y  pro-  
d u c t i o n  p r o c e s s .  The e x p o r t  r equ i rement  t h u s  s t a t e s  t h a t  re- 
g i o n a l  p r o d u c t i o n  by i n d u s t r y  ' r '  p l u s  i m p o r t s  less i n t e r m e d i a t e  
demands by o t h e r  i n d u s t r i e s  must b e  a t  l e a s t  a s  l a r g e  a s  t h e  
e x p o r t  r equ i rement .  
3 0 ~ i p p e r  and Vara iya  c o n s i d e r  E t o  be  f i x e d  f o r  a l l  ' r '  . 
However, t h e r e  i s  no a p p a r e n t  r eason  why a  more g e n e r a l  formula-  
t i o n  cou ld  n o t  b e  used .  
3 1 ~ a c h  u n i t  o f  l a b o u r  h a s  a n  i n e l a s t i c  u n i t  demand f o r  
hous ing.  T h e r e f o r e ,  t h e  supp ly  o f  hous ing s e r v i c e s  and t h e  
l a b o u r  supp ly  c a n  b e  equa ted .  
where i = c  + d + 1 
One important  imp l i ca t ion  of t h i s  c o n s t r a i n t  is  t h a t  no 
produc t ion  need n e c e s s a r i l y  t a k e  p l a c e  w i t h i n  t h e  reg ion .  A 
r e g i o n ' s  expor t  requirements  could be m e t  s t r i c t l y  by imports .  
I n  f a c t  product ion w i l l  t a k e  p l a c e  on ly  i f  t h e  s o c i a l  c o s t  of 
product ion i n  t h e  r eg ion  i s  lower than t h e  p r i c e  of import re- 
placements. This  model i s  t h u s  an important  ex t ens ion  because 
it makes t h e  l e v e l  of a c t i v i t y  a s  w e l l  a s  i t s  l a y o u t  endogenously- 
determined.  
The no t ion  of t r a f f i c  a l s o  p l a y s  an important  r o l e .  T r a f f i c  
a r i s e s  from two sources .  F i r s t ,  a l l  exported goods a r e  assumed 
t o  be shipped e i t h e r  from t h e  0  zone o r  from t h e  pe r iphe ry  u.  
Thus, p roduc t ion  d e s t i n e d  f o r  expor t  must be t r a n s p o r t e d  t o  one 
of t h e s e  two p l a c e s .  Secondly, i n t e rmed ia t e  goods f lows e x i s t  
between producers  o r  between i n d u s t r i e s  and households.  These 
two k inds  of f lows,  aggregated over  i n d u s t r i e s  by flow charac-  
t e r i s t i c s  such a s  weight ,  gene ra t e  t r a f f i c  l e v e l s  i n  two d i r e c -  
t i o n s  f o r  any zone. Le t  u s  denote  t h e  t r a f f i c  a t  ' u '  d i r e c t e d  
towards ' 0 '  and t h e  pe r iphe ry  a s  T, (u )  and T , (u)  r e s p e c t i v e l y .  
Fu r the r ,  imagine a  t r a n s p o r t a t i o n  s e c t o r  which produces t r a f f i c  
1 2 
c a p a c i t i e s  of T (u )  and T (u )  i n  t h e  same d i r e c t i o n s  us ing  a  
Leont ief  p roduc t ion  func t ion  wi th  land  and c a p i t a l .  F i n a l l y ,  
t h e  marginal  c o s t  of t r a n s p o r t a t i o n ,  c i ( u )  , t o  r e f l e c t  con- 
g e s t i o n ,  i s  assumed t o  be an i n c r e a s i n g  s t e p  f u n c t i o n  of t h e  
r a t i o  of t r a f f i c  t o  c a p a c i t y  i n  d i r e c t i o n  ' i t  a s  t h e  fo l lowing  
example d i s p l a y s .  The model seeks  a  balance between t h e  i n -  
c r e a s i n g  c o s t s  of conges t ion  and t h e  c o s t  of l and  and c a p i t a l  
- 3 9  - 
i n  d e c id i n g  how much l a n d  should  be a l l o c a t e d  t o  t r a n s p o r t a t i o n .  
To complete t h e  model, i t  i s  assumed t h a t  a l l  i n p u t s  and 
impor t s  a r e  a v a i l a b l e  a t  f i x e d  p r i c e s .  Impor ts  of  any of t h e  
c + d  + 1  i n d u s t r i e s  a r e  pe rmi t t ed  and t h e s e  may occu r  v i a  
e i t h e r  t h e  ' 0 '  zone o r  t h e  pe r i phe ry  ( a t  assumedly two sets of  
d i f f e r e n t  exogenously-given p r i c e s ) .  Labour, l a n d ,  and c a p i t a l  
a r e  t h e  t h r e e  o t h e r  i n p u t s  a l s o  a v a i l a b l e  a t  g iven  exogenous 
p r i c e s .  
The o b j e c t i v e  f u n c t i o n  i s  t o  minimize t h e  d a i l y  c o s t  o f  
t h e  r e g i o n a l  development scheme. T h i s  i n c l u d e s  t h e  d a i l y  
i n t e r e s t  ch a r g e s  on a l l  c a p i t a l  used by i n d u s t r i e s ,  by t h e  
housing s e c t o r ,  and by t h e  t r a n s p o r t a t i o n  s e c t o r .  I t  a l s o  i n -  
c l u d e s  t h e  l an d  r e n t a l s  and wage cha rges  i n c u r r e d  by a l l  t h r e e  
sets  of  a c t i v i t i e s .  F i n a l l y ,  it i n c l u d e s  a l l  conges t i on  and 
impor t  c o s t s .  T h i s  i s  minimized s u b j e c t  t o  (15.a)  a s  w e l l  a s  




32b i s  t h e  l an d  i n p u t  r e q u i r e d  p e r  u n i t  o f  road c a p a c i t y .  t 
Ripper and Varaiya a l s o  d i s c u s s  two ex tens ions  t o  t h e i r  
b a s i c  model. One i s  t o  permi t  m u l t i p l e  c l a s s e s  of workers 
wi th  d i f f e r e n t  wage l e v e l s .  The o t h e r  i s  a dynamic ve r s ion  of 
t h e  model i n  which e x i s t i n g  s t o c k s  of development a r e  permi t ted .  
Again, a  myopic op t imiza t ion  procedure i s  used i n  which t h e  
imp l i ca t ions  of f u t u r e  developments a r e  ignored.  
How does  t h i s  model perform i n  terms of t h e  i s s u e s  na i sed  
i n  t h i s  paper?  I n  terms of o b j e c t i v e  f u n c t i o n s  and c o n s t r a i n t s ,  
it i s  t h e  most ambi t ious .one  examined. By making bo th  t h e  l e v e l  
and l ayou t  of a c t i v i t y  endogenous, it r eph rases  t h e  des ign  
problem wholly i n  terms of t h e  r a t i o n a l e  f o r  t h e ' e x i s t e n c e  of  
urban a r e a s .  F u r t h e r ,  a l though  t h e  s i n g l e  o b j e c t i v e  i s  s t a t e d  
a s  c o s t  minimizat ion,  t h e  model r e a l l y  maximizes t h e  e f f i c i e n c y  
o r  p r o f i t a b i l i t y  of r e g i o n a l  development. A s imple  way t o  see 
t h i s  i s  t o  imagine a  s o l u t i o n  i n  which t h e  reg ion  imports  a l l  
of i t s  e x p o r t  requirements .  I n  t h i s  c a s e ,  no i n d u s t r y  i s  lo- 
ca t ed  i n  t h e  r eg ion  and no labour  i s  necessary :  t h e  r eg ion  is  
merely an  in t e rmed ia t e  sh ipp ing  p o i n t  i n  an i n t e r r e g i o n a l  econ- 
omic system. I f  some i n d u s t r y  i s  t o  be l oca t ed  i n  . the  reg ion ,  
it must be because o u t p u t s  can be  produced t h e r e  a t  lower c o s t  
than imports .  The lower t h e  r e g i o n a l  p roduc t ion  c o s t s ,  t h e  
g r e a t e r  i s  t h e  amount of development i n  an opt imal  s o l u t i o n .  
The amount of i n d u s t r y  i n  t h e  r eg ion  t h u s  corresponds t o  i t s  
e f f i c i e n c y  v i s - a -v i s  - - -  t h e  p r i c e  of  imports .  
Another of t h e  s t r e n g t h s  of t h i s  model i s  t h a t  it a t t empt s  
t o  t r e a t  c e r t a i n  behavioura l  a s p e c t s  of a  l and  use  p lan .  The 
e a r l i e r  models which inc luded  in te rdependenc ies  among land  
uses  d i sp l ayed  t h e s e  mathemat ical ly  a s  r e l a t i o n s h i p s  between 
q u a n t i t i e s  of l and  use .  The p r e s e n t  model env isages  a  Leongief 
economy i n  which t h e  connect ions  among i n d u s t r i e s  ( i nc lud ing  t h e  
household s e c t o r )  a r e  r e l a t i o n s h i p s  between ou tpu t  l e v e l s .  
F u r t h e r ,  u n l i k e  most Leont ief  models, t h i s  one a l lows  f o r  some 
amount of f a c t o r  s u b s t i t u t i o n  because each i n d u s t r y  can va ry ,  
t o  some e x t e n t ,  t h e  I s  ' parameter i n  i t s  product ion func t ion .  
I n  terms of some of  t h e  o t h e r  i s s u e s  r a i s e d  i n  t h i s  paper ,  
t h e  model does  n o t  f a r e  a s  wel l .  Treatment of t h e  t r a n s p o r t a t i o n  
s e c t o r ,  f o r  i n s t a n c e ,  i s  very  sketchy.  There i s  no concern f o r  
network des ign  and on ly  one mode of t r a n s p o r t a t i o n  i s  cons idered .  
Fu r the r ,  only  an aggrega te  amount of l and  i n  each zone i s  a l l o -  
c a t e d  t o  t r a n s p o r t a t i o n  wi thout  regard  t o  i t s  s p a t i a l  l a y o u t .  
This l a t t e r  p o i n t  would be s i m i l a r  f o r  a l l  o t h e r  models con- 
s ide red  s o  f a r  except  t h a t  Ripper and Varaiya t r y  t o  draw o u t  an 
i n f e r e n c e  regard ing  conges t ion  c o s t s .  Using such temporal ly  and 
s p a t i a l l y  aggregated v a r i a b l e s  a s  t o t a l  d a i l y  zona l  t r a f f i c  
and c a p a c i t y  t o  g e t  conges t ion  c o s t s  i s  a  very tenuous e x e r c i s e .  
Much of t h i s  r e l a t i o n s h i p  depends on t h e  network con f igu ra t ion  
and on t h e  t ime p a t t e r n  of t h e  t r a f f i c  f lows.  
The t r ea tmen t  of l o c a t i o n a l  in te rdependenc ies  i n  t h i s  model 
i s  s i m i l a r  t o  t h a t  i n  most of t he  o t h e r  models cons idered .  The 
t r a n s p o r t a t i o n  flow element i s  cons idered  i n  d e t a i l  bu t  t h e r e  
a r e  no o t h e r  in te rdependenc ies  considered.  I n  a d d i t i o n ,  t h e  
t r ea tmen t  of dynamic op t imiza t ion  i s  of t h e  same myopic t ype  found 
i n  e a r l i e r  models33. Also,  u n c e r t a i n t y  i s  n o t  cons idered  a t  a l l .  
Since t h i s  i s  a  l i n e a r  programming model, it  has  a  wel l -  
de f ined  dua l .  For each c o n s t r a i n t  of t h e  type  ( 1  5. b)  , t h e r e  
e x i s t s  a  shadow p r i c e  on land i n  t h a t  zone. There a l s o  e x i s t s  
an oppor tun i ty  c o s t  of supplying one e x t r a  u n i t  of expor t  f o r  
any commodity. Without spec i fy ing  t h e  dua l  e x a c t l y ,  can we 
s p e c u l a t e  on whether a  compet i t ive  market analogy r e s u l t s  i n  
an equ iva l en t  p r i c i n g  of land? The presence  of conges t ion  
c o s t s  a lone  might be s u f f i c i e n t  t o  d r i v e  a  wedge between t h e  
opt imal  and market p r i c e s .  Where t h e  government f a i l s  t o  prop- 
e r l y  p r i c e  t r a f f i c ,  i n d i v i d u a l  i n d u s t r i e s  may no t  make p r i c i n g  
and l o c a t i o n  d e c i s i o n s  which a r e  s o c i a l l y  opt imal .  I n  t h e  
absence ( o r  e f f i c i e n t  p r i c i n g )  of conges t ion ,  t h e r e  may e x i s t  
a  compet i t ive  market equ iva l en t  bu t  on ly  i f  t h e r e  e x i s t s  an 
ex t ens ive  system of compensating t r a n s f e r s  so  t h a t  each i n d u s t r y  
t a k e s  i n t o  account t h e  f u l l  e f f e c t  of i t s  l o c a t i o n a l  cho ice  on 
t h o s e  o t h e r  i n d u s t r i e s  whose t r a n s p o r t a t i o n  c o s t s  a r e  t h u s  
a f f e c t e d .  
3 3 ~ u p p e r  and Varaiya (1974, pp. 160-163) d e s c r i b e  a  numerical 
experiment showing a  l a r g e  divergence between an op t imal  s t a t i c  
s o l u t i o n  and incremental  myopic dynamic s o l u t i o n s .  
4 .  FUTURE AREAS OF RESEARCH 
TO conc lude ,  f i v e  models o f  i n c r e a s i n g  complex i ty  have been 
reviewed.  The aim has  been t o  show how t h e s e  models  have evolved 
and how t h e y  s t i l l  remain f r a i l .  The c l a s s  of  models  t y p i f i e d  by 
t h e  Ripper-Varaiya model i s  among t h e  most a d v a n c e d - a v a i l a b l e  t o -  
day. Its s t r u c t u r e  i s  b o t h  r i c h  i n  t h e o r y  and r e a l i s t i c  i n  i t s  
e x t e n s i v e  d e t a i l .  To o p e r a t i o n a l i z e  t h i s  model f o r  p l a n  d e s i g n  
work would b e  no s m a l l  f e a t  i n  t e r m s  of  i t s  i n p u t  d a t a  r e q u i r e -  
ments.  None the less ,  t h e  s i m p l i c i t y  of  even t h i s  model migh t  w e l l  
make a v e r t e r a n  p l a n n e r  b lu sh .  
What a r e  t h e  sh o r t - t e rm  p r o s p e c t s  f o r  t h e  development of  
b e t t e r  d e s i g n  models a l o n g  t h e  l i n e s  of t h o s e  d e s c r i b e d  above? 
On s e v e r a l  me thodolog ica l  i s s u e s ,  t h e  r e s e a r c h  o u t  look f o r  t h e  
n e a r  f u t u r e  i s  dim. On o t h e r  i s s u e s ,  t h e r e  h a s  been a p a r a l l e l  
development o f  models i n  o t h e r  r e s e a r c h  a r e a s  which might  use-  
f u l l y  be  i n c o r p o r a t e d  i n t o  a b e t t e r  d e s i g n  model. L e t  u s  now 
c o n s i d e r  each  i s s u e  i n  t u r n  and s p e c u l a t e  on p o t e n t i a l  r e s e a r c h  
g a i n s  i n  t h a t  a r e a .  The i n t e r e s t s  o f  bo th  t h e  t h e o r e t i c i a n  and 
t h e  a p p l i e d  r e s e a r c h e r  a r e  cons ide r ed .  
The Welfare  Func t ion  I s s u e  
T h i s  i s  n o t  f o r e s e e n  a s  a major  s tumbl ing  b lock  i n  t h e  de- 
velopment o f  d e s i g n  models.  Using d e s i g n  models i n  t h e  form of  
( 3 )  when m u l t i p l e  o b j e c t i v e s  a r e  p r e s e n t  i s  f e l t  t o  be a n  ade- 
q u a t e  r e s o l u t i o n  o f  t h a t  problem. While t h i s  approach restricts 
t h e  n o t i o n  o f  o p t i m a l i t y  r a t h e r  s e v e r e l y ,  it has  some advan tages .  
I n  t h e  r e a l  world o f  p l an n ing ,  it would p e r m i t  t h e  p l a n n e r ' t o  
m a i n t a i n  some s e c r e c y  a b o u t  h i s  v a l u e s  and t r a d e o f f s  among g o a l s .  
F u r t h e r ,  t h e  i n t e r a c t i v e  n a t u r e  of  problem-solving u s i n g  ( 3 )  a l -  
lows t h e  p l a n n e r  t o  come t o  g r i p s  w i t h  h i s  own s u b j e c t i v e  p r e -  
f e r e n c e s .  F i n a l l y ,  t h e  problem o f  p u b l i c  c h o i c e  i n  a p l u r a l i s t i c  
s o c i e t y  is  b e t t e r  handled i n  ( 3 )  where t h e  b i l s  c an  be v a r i e d  t o  
s u i t  t h e  v a l u e s  of  each  i n t e r e s t  group.  Although r e s e a r c h  i n t o  
m u l t i - o b j e c t i v e  w e l f a r e  f u n c t i o n s  i s  of  i n t e r e s t  and p r o v i d e s  
a n  a l t e r n a t i v e  approach,  t h e  w e l f a r e  f u n c t i o n  does  n o t  pose  a 
c r i t i c a l  me thodolog ica l  problem i n  d e s i g n  models.  
4 . 2  The Uncer ta in ty  I s s u e  
The methodological  i s s u e  r a i s e d  by u n c e r t a i n t y  i s  much more 
c r i t i c a l .  The models reviewed have been unanimous i n  t h e i r  d i s -  
regard  of t h i s  important  problem. One i s  l e f t  f e e l i n g  t h a t  t h i s  
whole c l a s s  of models, whi le  of t h e o r e t i c a l  i n t e r e s t ,  a r e  com- 
p l e t e l y  i n a p p r o p r i a t e  a s  app l i ed  planning models. I f  one seeks  
a robus t  land-use des ign ,  a  completely d i f f e r e n t  land-use model 
is requi red .  Research i n t o  t h i s  t o p i c  should be  a h igh  p r i o r i t y  
i f  t h e  gap between t h e o r e t i c a l  and a p p l i e d  des ign  work i s  t o  be 
narrowed. However, s i n c e  no models of t h i s  t ype  e x i s t  a l r eady ,  
one must be p e s s i m i s t i c  about  t h e  shor t - term p rospec t s  of broad 
advances i n  t h i s  i s s u e .  
4.3 The Dynamic Optimization I s s u e  
The r a t h e r  s l e n d e r  development of  t h e  reviewed design models 
on t h i s  i s s u e  i s  somewhat mis leading.  A t  a t h e o r e t i c a l  l e v e l ,  t h e  
most i n t e r e s t i n g  economic a spec t  of  t h i s  i s s u e  concerns  t h e  d i f -  
f e r ence  between long-run op t imiza t ion  and incremental  myopic op- 
t i m i z a t i o n ;  an i s s u e  approached by Ripper and Varaiya.  However, 
app l i ed  p l anne r s  might be more i n t e r e s t e d  i n  t h e  sequencing and 
t r a n s i t i o n  problems faced  by a  reg ion  moving towards a  mature 
s t a t e .  Here, t h e r e  e x i s t s  bodies  of models d e a l i n g  wi th ,  f o r  
i n s t a n c e ,  t h e  dynamics of  both i n d u s t r i a l  complex investment and 
demographic change. Although such c o n s i d e r a t i o n s  a r e  no t  included 
i n  c u r r e n t  des ign  models, t h e r e  i s  some hope t h a t  a  des ign  model 
could be cons t ruc t ed  i n  t h e  near  f u t u r e  i nco rpo ra t ing  a t  l e a s t  
t h e s e  two dynamic a s p e c t s .  Undoubtedly, such a  model would be 
q u i t e  complex and i t s  main va lue  would l i k e l y  be a t  an  o p e r a t i o n a l  
r a t h e r  than  t h e o r e t i c a l  l e v e l .  
4 . 4  The Lavout and Level  I s s u e  
The endogenous de te rmina t ion  of bo th  l e v e l  and l ayou t  i n  a  
land-use des ign  model has  been achieved by Ripper and Varaiya.  
This  model i s  of cons ide rab le  va lue  t o  t h e  economic theory  of 
c i t i e s  because it e x p l a i n s  one b a s i s  f o r  each c i t y  e x i s t e n c e  and 
growth. A t  t h e  same t ime,  app l i ed  p l anne r s  might a rgue  t h a t  i t s  
t h e o r e t i c a l  e legance  i s  purchased a t  a  cons ide rab le  c o s t  i n  terms 
of d a t a  r eq u i r em en t s  and d e t a i l e d  s t r u c t u r a l  assumpt ions .  Whether 
it i s  u s e f u l  t o  t r y  t o  f u r t h e r  deve lop  models a l ong  t h i s  l i n e  i s  
an  open q u es t i o n 3 4 .  A t  a  t h e o r e t i c a l  l e v e l ,  t h e  Ripper-Varaiya 
model may be  approach ing  t h e  f e a s i b l e  l i m i t  f o r  a  pedagogica l  
t o o l .  A t  a n  o p e r a t i o n a l  l e v e l ,  t h e  d a t a  r equ i r emen t s  of t h e  model 
r a i s e s  q u e s t i o n s  r e l a t e d  t o  t h e  u n c e r t a i n t y  i s s u e .  
4.5 The   ran sport at ion Network I s s u e  
There a r e  s e v e r a l  s o u r c e s  o f  su rveys  o f  t h e o r y  and models i n  
network d e s i g n .  Some g e n e r a l  k inds  of network d e s i g n  problems a r e  
c o n s i d e r ed  by S c o t t  ( 1 9 7 1 ) .  S t eenb r ink  (1974) c o n s i d e r s  road n e t -  
work d e s i g n  problems and MacKinnon (1976) su rveys  models of n e t -  
work e x t e n s i o n  i n  t h e  f a c e  o f  development.  
I n  m e t r o p o l i t a n  p l an n ing ,  t h e r e  have been many a t t e m p t s  t o  
i n t e g r a t e  land-use  p l an n i ng  and t r a n s p o r t a t i o n  network de s ign .  
Most of  t h e s e  models u s e  a  h e u r i s t i c ,  i t e r a t i v e  approach t o  f i n d  
a n  ' o p t i m a l '  network d e s i g n  g iven  t h e  u n c o n t r o l l e d  r e sponse  of  
t h e  p r i v a t e  s e c t o r ,  th rough  land-use  and t r a f f i c  a c t i v i t y ,  t o  
d i f f e r e n t  network c o n f i g u r a t i o n s .  S e v e r a l  o f  t h e s e  k i n d s  o f  
a p p l i e d  models a r e  reviewed i n  H . J .  Brown e t  a 1  (1972) .  A r e c e n t  
c r i t i c a l  r ev iew of  t h e s e  approaches  i s  found i n  Lee (1973) .  
There t h u s  ap p ea r s  t o  be  some hope t h a t  t h e  problem o f  i n t e -  
g r a t i n g  land-use  and network d e s i g n  models i s  one which can  b e  
r e s o l v e d  i n  t h e  shor t - t e rm f u t u r e .  Undoubtedly, such  a  model 
would be  q u i t e  complex and t h e r e  i s  some q u e s t i o n  a s  t o  i t s  theo-  
r e t i c a l  v a l u e  i n  t h a t  c a s e .  However, t h i s  e x t e n s i o n  i s  of  con- 
s i d e r a b l e  v a l u e  t o  a p p l i e d  p l a n n e r s .  
4.6 The L o c a t i o n a l  In te rdependency  I s s u e  
There a r e  s e v e r a l  k i n d s  of  l o c a t i o n a l  i n t e r d e p e n d e n c i e s  which 
have n o t  y e t  been e x p l i c i t l y  cons ide r ed  i n  d e s i g n  models .  One o f  
t h e s e  i s  a i r  p o l l u t i o n .  I n  t h e  Uni ted  S t a t e s ,  t h e r e  h a s  been much 
r e c e n t  e f f o r t  t o  model t h e  p r o c e s s  o f  d i f f u s i o n  o f  a i r  p o l l u t a n t s  
f o r  t h e  purpose  o f  env i ronmenta l  p l ann ing .  Hor ie  (1974) i n d i c a t e s  
3 4 ~ o r  example, one  e x t e n s i o n  might  be  t o  i n c o r p o r a t e ,  u s ing  
minimum s c a l e  t h r e s h o l d s  f o r  f a c t o r i e s ,  a  c e n t r a l  p l a c e  h i e r a r c h y  
w i t h i n  t h e  r e g i o n  a s  i n  Puryear  (1975) .  
t h a t  t h e  A i r  Q u a l i t y  Display Model (AQDM) and t h e  ~ i r  ~ u a l i t y  
Implementation Planning Program ( I P P )  a r e  two comprehensive 
spa t i a l l y -d i saggrega t ed  models i n  wide use .  One of t h e s e  models, 
o r  perhaps some o t h e r ,  could be combined wi th  a  c u r r e n t  land-use 
des ign  model. 
Another k ind  of l o c a t i o n a l  interdependency i s  posed by com- 
munications and in format ion  flow c o s t s .  I n  t h e  r e s e a r c h  i n  t h i s  
a r e a ,  much emphasis has  been placed on t h e  importance of face- to-  
f a c e  (o therwise  r e f e r r e d  t o  a s  ' c o n t a c t ' )  cornmunications a s  a  
determinant  of t h e  l o c a t i o n a l  cho ice  of c e r t a i n  k inds  of a c t i v i -  
t ies.  Tornqvis t  (1970) has l a i d  o u t  some of t h e  r e s e a r c h  i s s u e s  
i n  t h i s  a r ea .  However, formal models of c o n t a c t  p rocesses  i n  a  
s p a t i a l  s e t t i n g  a r e  s t i l l  l ack ing .  Much work remains t o  be done 
he re  be fo re  such concepts  could be i n t e g r a t e d  i n t o  a  des ign  model. 
A f i n a l  kind of l o c a t i o n a l  interdependency has  t o  do wi th  
simple neighbourhood e x t e r n a l i t i e s  which l ead  s i m i l a r  k inds  of 
a c t i v i t i e s  t o  l o c a t e  near  each o t h e r .  Although t h i s  phenomenon 
i s  e a s i l y  observable ,  formal models of t h e  p roces ses  under lying 
it a r e  lack ing .  The main r e sea rch  e f f o r t  he re  has  been i n  de- 
s c r i p t i v e  models of t h e  ' S o c i a l  Area'  o r  "Ecologica l"  v a r i e t y  
and t h e s e  do n o t  p rov ide  very d i r e c t  means of  p lanning  f o r  o p t i -  
mal new development. Research i s  needed t o  develop some analy- 
t i c a l  models of neighbourhood e x t e r n a l i t y  e f f e c t s .  
Research advances i n  t h i s  a r e a  i n  t h e  near  f u t u r e  can thus  
be foreseen .  Again, most of t h e  models which a r e  forthcoming 
would l i k e l y  be too  complex t o  be of t h e o r e t i c a l  va lue .  An 
except ion ,  though, might occur  i n  t h e  c a s e  of an i n t e g r a t e d  a i r  
po l lu t ion-des ign  model which might be s imple  enough t o  be of much 
i n t e r e s t  t o  t h e o r e t i c i a n s .  
4.7 The P r i v a t e  Sec to r  I s s u e  
Models of household and i n d u s t r y  l o c a t i o n a l  behaviour r e f l e c t  
t o  a  cons ide rab le  degree  t h e  s o c i a l  and i n s t i t u t i o n a l  framework 
wi th in  which any g iven  s o c i e t y  ope ra t e s .  I n  p a r t ,  of cou r se ,  
t h i s  r e f l e c t s  t h e  vary ing  degree  of c e n t r a l  p lanning c o n t r o l  
exerc ized  by a  government. However, even wi th in  s o c i e t i e s  w i th  
comparable l e v e l s  of c e n t r a l  c o n t r o l ,  t h e r e  may be s u b s t a n t i a l  
differences in the historically-accumulated institutional 
mechanisms for the allocation of land and other resources. For 
this reason, unlike the widely applicable structures of the 
optimal design models reviewed in this paper, behavioural models 
tend to be very specific to the society being examined. 
What kinds of advantages are there in linking a behavioural 
model to a design model? The first is that most behavioural 
models are not suitable for generating optimal policy solutions. 
They merely predict locational behaviour given exogenous factors, 
including planning decisions. The second advantage is that, 
unlike the design models considered above, some behavioural models 
specifically include planning tools such as zoning, transportation 
network design (in terms of cost, speed, access to certain points, 
and modal mix), and public facility provisions. Thus, the problem 
of plan implementation, which is avoided in current design models, 
might be specifically considered in a combined behavioural-design 
approach. Thirdly, by building a behavioural model with a detailed 
transportation network configuration, it is possible to approach 
the congestion problem much more realistically than before. Thus, 
a combined behavioural-design model might correct many application 
problems with current design models. 
A qualification is in order here. Many of the current be- 
havioural models have been criticized on the grounds that they lack 
a theoretical structure and that they merely build on empirical 
regularities without questioning the basis for such regularities. 
Recently, Stokes (1974) heightened this attack on one kind of 
model (the EMPIRIC model) by showing its temporal instability in 
an -- ex post evaluation. Concurrently, the foundations of contenpory 
land-use theory, as evolved from Alonso (1964), have been attacked 
as being too naive. Some considerable work appears to be required 
in sorting out what kinds of theoretical models are most appropriate 
for different societies and how these might best be expressed in 
empirical models. 
4.8 The Policv Tool Issue 
A central point in this paper has been that design models have 
abstracted away from the issue of the tools required to achieve an 
opt imal  s o l u t i o n .  Given t h e  v a r i e t y  of s o c i e t i e s ,  each wi th  i t s  
h i s to r i ca l ly -deve loped  i n s t i t u t i o n s ,  t h e  range o f  t o o l s  and t h e  
e f f i c i e n c y  of  us ing d i f f e r e n t  t o o l s  t o  ach ieve  a  p l a n  w i l l  vary  
d r a s t i c a l l y .  
Although t h e  main va lue  of p u t t i n g  p o l i c y  t o o l s  i n  a  des ign  
model i s  i n  t h e  sphere  of a p p l i c a t i o n s ,  some t h e o r e t i c a l  b e n e f i t s  
would a l s o  be forthcoming.  This  i s  because,  t o  develop t h e  r o l e  
of p o l i c y  t o o l s  i n  shaping land-use,  a  set of formal t h e o r e t i c a l  
models a r e  r equ i r ed .  Such models would t r a c e  o u t  t h e  response 
of t h e  p r i v a t e  s e c t o r ,  under d i f f e r e n t  assumed cond i t i ons ,  t o  
t h e s e  p o l i c y  t o o l s .  I n  a  compet i t ive  market economy f o r  i n s t a n c e ,  
t h i s  would involve  a s s e s s i n g  t h e  impact of t o o l s  on t h e  Ricard ian  
land r e n t  s t r u c t u r e .  There a r e  few of such models a t  p r e s e n t  and 
much remains t o  be  done i n  developing t h e o r e t i c a l  models of  t h i s  
type  be fo re  more-applied des ign  models can be  c r e a t e d .  
4 . 9  Concluding Assessment 
The conc lus ion  of  t h i s  paper i s  t h a t  one would be mistaken 
t o  b e l i e v e  t h a t  an opt imal  land-use des ign  model i s  j u s t  wa i t i ng  
t o  be implemented. The models reviewed he re ,  which r e p r e s e n t  t h e  
development of English-language theory  o r  t h i s  t o p i c ,  a r e  i n  much 
need of ex tens ion  be fo re  a  s a t i s f a c t o r y  t h e o r e t i c a l  o r  a p p l i e d  
model can be formulated.  Of a l l  t h e  methodological  i s s u e s  r a i s e d ,  
t h e  lack  of t r ea tmen t  of u n c e r t a i n t y  i s  p o t e n t i a l l y  t h e  most 
troublesome. While t h e  o t h e r  i s s u e s  may be handled by an ex t ens ion  
of e x i s t i n g  models, r e s o l v i n g  t h e  u n c e r t a i n t y  i s s u e  would seem t o  
r e q u i r e  an e n t i r e l y  new approach. Because of t h i s ,  t h e  shor t - term 
p rospec t s  f o r  a  s a t i s f a c t o r y  t h e o r e t i c a l  o r  app l i ed  des ign  model 
a r e  n o t  good. Much work remains t o  be  done. 
APPENDIX A: ~ e r i v a t i o n  of  tZy i n  TOPAZ Model. 
a b  
The i n t e r p r e t a t i o n  of t: i s  s t r a i g h t f o r w a r d  assuming a  s imple  
g r a v i t y  model. The t o t a l  number of t r i p s  genera ted  by use  ' a '  a t  
zone ' z '  i s  hypothesized t o  be p r o p o r t i o n a l  t o  t h e  amount of a c t i v -  
i t y  l oca t ed  t h e r e .  
The propor t ion  of t h e s e  t r i p s  ending a t  u se  ' b '  i n  zone ' y '  i s  
assumed t o  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount of  land use  t h e r e  
and i n v e r s e l y  r e l a t e d  t o  t h e  square  of  t h e  d i s t a n c e  between t h e  
zones, d Z y -  
Thus, t h e  t o t a l  annual  number of t r i p s ,  Tab, Z y  from ' a '  a t  ' z '  t o  ' b '  
a t  ' y '  is  
Z Y  where ga and h  a r e  c o n s t a n t s .  L e t  gab be t h e  p r e s e n t  v a l u e  of Y 
t h e  c o s t  of  a  s t ream of  t h e s e  annual  t r i p  f lows.  Given t h a t  T:; i s  
f i x e d  over t ime,  t h e  p r e s e n t  va lue  o f  a l l  t r i p  f lows i s  t h e r e f o r e  
A A Z Z  
z c c c 9:; T:; 
a=l  b=l z=1 y=l 
A A Z Z  
= c x c c t:; (xaZ + e a z ) ( x b y  + e  
a=l  b=l z=1 y=l by 
where it is now seen that 
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